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ABSTRACT
This thesis proposes research of novel hybrid photonic signal processing systems in the
areas of optical communications, test and measurement, RF signal processing and extreme
environment optical sensors. It will be shown that use of innovative hybrid techniques allows
design of photonic signal processing systems with superior performance parameters and
enhanced capabilities. These applications can be divided into domains of analog-digital hybrid
signal processing applications and free-space—fiber-coupled hybrid optical sensors. The analogdigital hybrid signal processing applications include a high-performance analog-digital hybrid
MEMS variable optical attenuator that can simultaneously provide high dynamic range as well as
high resolution attenuation controls; an analog-digital hybrid MEMS beam profiler that allows
high-power watt-level laser beam profiling and also provides both submicron-level high
resolution and wide area profiling coverage; and all optical transversal RF filters that operate on
the principle of broadband optical spectral control using MEMS and/or Acousto-Optic tunable
Filters (AOTF) devices which can provide continuous, digital or hybrid signal time delay and
weight selection. The hybrid optical sensors presented in the thesis are extreme environment
pressure sensors and dual temperature-pressure sensors. The sensors employ hybrid free-space
and fiber-coupled techniques for remotely monitoring a system under simultaneous extremely
high temperatures and pressures.
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CHAPTER 1: INTRODUCTION
1.1 Motivation

The field of optical science and technology has revolutionized the modern world. It has helped in
advancement of numerous fields that touch various aspects of our lives. Significant
developments and applications in the areas of global communication, defense, industry,
biomedicine, homeland security and environment can be attributed to optical science and related
technologies. The research presented in this dissertation lies in the areas of optical
communications, test and measurement, optical sensors and Radio-Frequency (RF) photonics.
This chapter describes the background and significance of each of the above fields which in turn
provides the motivation for the research work presented in the dissertation.
The advent of fiber-optic communications brought about a revolution in information
technology. It changed the way we communicate, the way we seek information, and the way we
look at our world. The computer networks, cable TV industry and long-distance telephone
services are the top three industries using and relying on advances in fiber optics communication.
Over 500 million kilometers of fiber have been installed worldwide, acting as the global
communication backbone. Over the last decade, the traffic on the optical networks across the
world increased exponentially. More users started using the optical data networks and their usage
evolved to become more bandwidth-intensive. Thus, efforts were made to improve the data
transmission rates and the number of optical channels carrying the data on the optical fiber
medium. Since the end-user was limited by the electronic data rates, the huge bandwidth of the
optical fiber was utilized by introducing concurrency among multiple user data transmissions [1].
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Today, this is done largely through Wavelength Division Multiplexing (WDM) in which the
optical transmission spectrum is divided into non-overlapping optical wavelength bands with
each band supporting a single communication channel. Today, major communications carriers
put in significant effort and finances to develop and apply WDM technologies in their
businesses. A WDM communication system consists of several optical components such as a
fiber link, optical transmitter(s), modulators, switches, amplifiers, couplers, photo-detectors etc
[2]. The erbium doped fiber amplifier (EDFA) is one such indispensable component used in
WDM systems which provides amplification of the optical signal propagating over long
distances. Its gain spectrum corresponds to the bands used for WDM communications, enabling
batch amplification of the many signals in the transmission band. Because of unequal gain
spectrum of EDFAs, in order to provide dynamically flexible gain level adjustment, they are
used in combination with Variable Optical Attenuators (VOAs), which have flat wavelength
characteristics over a wide band range. Electronically controllable VOAs have thus assumed a
crucial role in controlling optical signal levels throughout WDM communication networks.
Besides gain leveling for EDFAs, the VOAs are used for pre-emphasis which is performed in
DWDM transmission systems to equalize the optical power between all channels before they are
combined into a single optical fiber. Another application is channel balancing. At add/drop
network nodes, channel equalization is imperative because optical signals arrive independently
from different points in a network. Beyond network use, VOA demand by instrumentation
manufacturers has dramatically increased, for example, they contribute to tunable laser
instrumentation by maintaining constant output power during a sweep across a range of
wavelengths [3]. Thus, the demands of WDM optical communications and other applications
become a motivation for developing a VOA that exhibits complete repeatability, high dynamic
2

range and resolution attenuation controls, fast speed, low optical loss, laboratory conditions
environmental reliability, optical bands operation, low polarization dependent loss (PDL), and
high power optical handling.
Laser Beam profiling is the measurement of radial energy or intensity distributed across
the laser beam cross-section and the way it will alter as the beam propagates in a medium. Beam
profiling enables a comparison of a laser’s practical response and its ideal expected response.
There are numerous scientific and technological laser applications which require accurate
knowledge of spatial irradiance distribution of the laser beam profile. These applications include
laser communications, laser manufacturing/machining, laser-based semi-conductor material
processing, biomedical image probes and laser surgery, optical data storage system and laser
printing. In laser machining, for example, for good quality laser welding knowing the laser beam
spatial irradiance distribution is essential. Similarly, in laser surgery the beam profile and its
parameters must be known for successful and safe surgery procedure. Today, commercial direct
high-power laser beam profiling is done by the traditional moving knife-edge methods that have
limitations in cost, profiler measurement reliability, and processing times [4]. The second
prevalent beam profiling method is through image photo-detector [e.g., charged-coupled device
(CCD)] based profilers for direct profiling of high-power laser beams [5]. These too are also not
a good option due to detector saturation effects, small dynamic range and inter-pixel charge
crosstalk. Thus, there is a need to realize an optical beam profiler with high resolution, large
beam characterization area, high reliability and fast speed that could also handle high optical
powers. To satisfy these requirements, it became a motivation to use MEMS digital devices for
beam profiling [6,7].

3

Generation of clean energy is an important global concern [8]. Early fossil fuel power
generation system designs show improved conversion efficiencies and lower emissions when
operating at extreme temperatures ( > 1500 °C) and pressures (> 50 atms, e.g., 400 atm) [9]. The
systems therefore need sensors that can tolerate and measure such extreme temperatures and
pressures. Apart from meeting temperature and pressure range requirements, the sensors also
need to be long lived and reliable. Most importantly, these sensors need to survive extreme
chemical conditions, e.g., acids, hot gases, molten metals, and sludge/waste. Silicon Carbide
(SiC) has long been recognized as a material with outstanding physical and chemical
characteristics and tolerances. It is for its material robustness to chemical attack, mechanical
stability, and excellent thermal and optical properties that single crystal SiC can be used as the
base optical sensor material in fossil fuel power generation systems and other applications that
involve extreme condition measurements [10]. Finally, a sensor technology for any applications
must be weight, size, and power consumption sensitive. SiC when used as an temperature and/or
temperature optical transducer is completely passive (uses no power). A light source used to
obtain the optical response such as a laser(s) uses low power (e.g., mW or less level) and finally
the SiC based sensor system only requires a few (e.g., 10) separate tiny chip scale components.
Most importantly, the SiC is completely passive and allows remote wireless temperature and
pressure measurements in extremely harsh environments where standard electrical or optical
wiring would not survive. The availability of a material with robust physical and chemical
properties like SiC allows designing sensors for fossil fuel power generation systems. The power
generation systems thus operate at higher efficiency and are environment friendlier; and both of
these factors provide the motivation for designing SiC based sensors.

4

RF signal processing in the photonics domain, over the years, has developed into a vast
field giving applications such as radars, wireless and high-speed optical communications,
electronic warfare and astronomical antennas. As against signal processing in electronics
domain, processing RF signals in the optical domain provides simple re-configurability, RF
tunability, wide instantaneous bandwidth RF processing, and immunity to Electro-Magnetic
Interference (EMI) [11,12]. These advantages provide the motivation to perform RF signal
processing in the photonics domain. Traditionally, proposed RF signal processors in the optical
domain have been either all-analog or all-digital in operation. All-digital optical processing is
based on optical devices that operate in binary modes such as a digital switched delay line [13]
or digital mode Spatial Light Modulator (SLM) [14]. An all-analog processing on the other hand
utilizes optical devices that have a continuous operation nature such as an analog variable
attenuator. Both approaches have their advantages and disadvantages. For example, digital
processing possesses intrinsic operational repeatability and efficient scaling while analog
processing produces minimal processing noise due to quantization effects [15]. It is therefore
desired to design superior analog and digital RF photonic signal processors and then design a
hybrid processor that combines the benefits of analog and digital processing [16].
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CHAPTER 2: SUPER RESOLUTION VARIABLE FIBER OPTIC
ATTENUATOR INSTRUMENT USING DIGITAL MICRO-MIRRORDEVICE (DMDTM)
2.1 Introduction

With the explosion of various optical fiber applications in science, industry and medicine, there
is a need to realize an optical attenuator test instrument for interacting with these single-mode
fiber (SMF) systems. This VOA fiber optic test module must be completely repeatable and
possess extraordinary capabilities of high resolution attenuation control. In addition, the module
should be attractive in terms of speed, optical loss, laboratory conditions environmental
reliability, optical operation bands, polarization dependent loss (PDL) and high power optical
handling. Recently, several technologies have been proposed for single fiber in – single fiber out
VOAs that belong to the all-analog family of VOAs. Example VOA designs include the use of
micromechanics [1], micro-mirrors [2-3], liquid crystals [4-8], magneto-optics [9], thin-film
filters [10], long period fiber gratings [11] and acousto-optics [12]. Accurate high resolution
operation of analog design VOAs requires closed loop operations of VOA with constant updated
module calibration. Recently, an all-digital paradigm was introduced to realize fiber-optic VOAs
[13]. The strength of the all-digital paradigm is its attenuation control through 100% digital
repeatability. Earlier, this digital paradigm has been implemented using the Texas Instruments
(TI) Digital Micro-Mirror Device (DMDTM) to realize equalizers [14], [15] and VOAs [16]. In
this paper, shown are the DMDTM-based VOA module design and its operating characteristics
suited to realize a super resolution attenuator for test instrument applications. The rest of the

8

paper describes the module design, experimental demonstration, and VOA qualitative
performance.

2.2 Super-Fine Resolution VOA Module Design

Fig. 2.1(a) shows the design of the proposed super resolution DMD™ based reflective VOA. The
attenuator works on the principles of an in-line self imaging retro-reflective design. Input light
enters via a SMF and circulator C to enter a special self-imaging type fiber lens FL [17]. The
beam exiting the Graded Index (GRIN) fiber lens exhibits a specific distance called the half selfimaging distance ‘dL’ over which the Gaussian beam profile exhibits a minimum beam waist.
The Gaussian beam exiting the GRIN lens undergoes beam expansion produced by spherical
lenses S1 and S2 with focal lengths f1 and f2, respectively. The expanded Gaussian beam falls on
the surface of a 2-D DMD™ populated with many binary state micro-mirrors (see Fig. 2.1(b)).
For the attenuator’s minimal attenuation setting, all micro-mirrors in the DMD™ are set to
generate a retro-reflected beam so that maximum input light power is returned via the in-line
optics and circulator to the exit SMF. For a given attenuator setting for the VOA, some of the
micro-mirrors are set to an alternate digital state that prevents a certain amount of light from
retro-reflecting into the output SMF. Thus, a given digital repeatable VOA attenuation setting is
achieved by controlling the binary states of the near million micro-mirrors in the DMD™.
The positioning of the spherical lenses S1 and S2, as shown in the Fig. 2.1(a), are
carefully picked so as to form an imaging system with beam expansion between the fiber lens
minimum beam waist location and the plane of the DMD™. Because of this design, a selfimaging SMF coupling condition is satisfied leading to a low loss attenuator design. In addition,
9

the required Gaussian beam waist magnification is enabled to provide a large beam area on the
DMD™ that leads to the super-resolution capability of the proposed VOA. Specifically, the
Gaussian beam expansion can be calculated using ABCD matrix Gaussian optics. One starts with
the minimum beam waist radius ω1 at distance ‘dL’ from the GRIN lens. ABCD matrices laws
are used in order to determine the state of the Gaussian beam profile after it passes through the
lenses. If dn is the distance of Gaussian beam minimum waist ωn before nth lens and Dn is the
distance of Gaussian beam minimum waist radius ωn+1 after passing through the spherical lens
Sn, then the following equations describe the beam waists relationships for spherical lenses S1
and S2 assuming n=1 and n=2 for S1 and S2, respectively [18].
D1 = f1 + (d1 − f1 )

ω2 2
,
ω1 2

(1.i)

ω3 2
,
ω2 2

(1.ii)

D2 = f 2 + ( d 2 − f 2 )

2
ω2 2
f1
πω12
; z 01 =
,
=
λ0
ω12 (d1 − f1 ) 2 + z 01 2

(2.i)

2
ω3 2
f2
πω2 2
; z 02 =
.
=
λ0
ω 2 2 (d 2 − f 2 ) 2 + z 02 2

(2.ii)

The designed VOA beam expansion setup of Fig. 2.1(a) uses d1 = f1 and d 2 = f 2 . Applying
these conditions to equations (2.i) and (2.ii) gives:
2
2
ω2 2
f1
f 1 λ2
λ2
2
2
=
=
f
×
⇒
=
ω
1
2
ω12 z 01 2
π 2ω14
π 2ω12

(3.i)

2
2
ω3 2
f2
f 2 λ2
λ2
2
2
=
=
f
×
⇒
=
ω
2
3
ω 2 2 z 02 2
π 2ω 2 4
π 2ω 2 2

(3.ii)
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Using the value of ω 2 from equation (3.i) in equation (3.ii) gives:
2

ω3 =
2

⇒

f 2 λ2
2

π2

π 2ω1 2
× 2 2 ,
f1 λ

ω3 f 2
=
.
ω1 f1

(4)

Thus as expected, the foci f1 and f2 of the lenses S1 and S2 provide the required
magnification factor for the GRIN lens fed Gaussian beam profile. For super-resolution VOA
design, f2/ f1 ratio is maximized to efficiently use the large space bandwidth product of the
DMD™.

2.3 Experimental Demonstration

The demonstrated VOA shown in Fig. 2.1 and set-up in the laboratory takes advantage of the
large micro-mirror count of the TI tilt-mode DMD™ chip designed for infrared C-band (15301565 nm) operations. This infrared chip has 786,432 micro-mirrors and is designed with 13.8 µm
square micro-mirrors operating in bistable ± 9.2º tilt angles. The specified chip PDL is <0.02 dB
with an individual 15 µs micro-mirror switching speed and a 1ms total chip setting time through
a high speed serial computer interface. The chip optical loss is measured to be 1.9 dB and
includes diffraction loss, pixel fill factor loss, aluminum mirror reflectivity, and hermetically
sealed window Fresnel loss [15]. The 3-port circulator C used has a total loss of 1.39 dB with
port 1-to-2 and port 2-to-3 losses of 0.62 dB and 0.77 dB, respectively. The fiber GRIN lens loss
is approximately 0.16 dB. The two plano-convex lenses S1 and S2 included in the system have
infrared (IR) anti-reflection (AR) coatings and have a 2% loss per surface. Thus, for the
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laboratory reflection based VOA system, total bulk lens induced loss is 0.35 dB. Adding the
mentioned component losses, the optical insertion loss for the attenuator is 1.39 + 0.16 + 0.35 +
1.9 = 3.8 dB. The fiber collimator used has a half self-imaging distance dL= 6 cm. A beam
magnification of four is achieved using S1 and S2 lenses with f1=5 cm and f2=20 cm, respectively.
The Gaussian beam at a distance ‘dL’ from the GRIN lens exhibits a minimum 1/e2 beam waist
radius ω1 of 0.22 mm or a null-to-null beam diameter of approximately 3.9 ω1 = 0.858 mm. The
active area of the DMD™ over which the state of micro-mirrors can be altered is 4.05 mm x
10.92 mm.
As a first experimental setup, the micro-mirrors on the surface of DMD™ are accessed
column-wise, i.e., along x-direction (see Fig. 2.1(b)). Note that the 45˚ in-plane rotated
orientation of the DMD™ chip makes the width of the effective column to be the diagonal length
of the single micro-mirror or 13.8 µm /cos(45˚) = 19.5 µm. The present micro-mirror controls
addresses micro-mirror columns and rows that are oriented at a 45˚ angle to the DMD™ chip
frame; hence the DMD™ was rotated by 45˚.The null-to-null diameter of the expanded Gaussian
beam present on the DMD™ is approximated to be 3.9 ω3 = 3.9 x 4 x 0.22 = 3.432 mm where

ω3=4 ω1. Comparing this 3.432 mm null-to-null diameter of the expanded beam to the width wcol
= 19.5 µm of the single effective column gives approximately 176 attenuation control columns
within the beam area present on the chip.
The Fig. 2.1(a) input SMF is connected to a fiber coupled 1550 nm laser with stable
power control. The output SMF is connected to a precision optical power meter to take VOA
attenuation measurements. Initially, all N columns on the DMD™ are switched to OFF-state, i.e.,
tilting the micro-mirrors away from the coupling fiber GRIN lens leading to VOA maximum
attenuation. In order to have retro-reflective alignment, i.e., light out of the fiber couples back
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into the fiber, all DMD™ micro-mirrors are set to ON state or the +9.2º setting. Hence the
DMD™ chip plane has an overall 9.2º tilt with respect to the retro-reflective beam direction (Fig.
2.1). Then gradually the columns are switched to the ON-state where micro-mirrors retro-reflect
light back to the GRIN lens. As the number i of ON-state column increases, more power is
coupled back into the fiber lens. This column control process effectively implements a knife
edge that gradually slides across the light beam. The results obtained from this experiment are
shown in Fig. 2.2 and give an expected normalized Error function profile (Fig. 2.2(a)) that is
differentiated to give a Gaussian function (Fig. 2.2(b)) that represents the incident optical power
variation on the DMD™ plane along the direction of the column motion. By normalizing this
Gaussian one dimensional beam profile data, the power attenuation weighting Wi response of the
ith control column for VOA implementation is given by:

Wi =

Pi − Pi −1
,
PN

(5)

where i = 1, 2… N (N = total number of columns on DMD™). Pi is the power for i columns in
ON state while Pi-1 is the power when (i-1) columns are in the ON state. PN is the power when all
N control columns on the DMD™ are in the ON state. The calculated column weights to control
the VOA are shown in Fig 2(b) indicating the ratio of the total power controlled by each control
N

column. Note that as expected, the sum of all weights, i.e.

∑W
i =1

i

→ 1 . Fig. 2.3(a) and Fig. 2.3(b)

show similar results when the knife-edge is performed in the orthogonal y-direction by taking
rows of micro-mirrors as the spatial samplers instead of columns. Note that Fig. 2.2 and Fig. 2.3
data are based on using N = 94 control columns and N = 91 control rows as additional column or
row usage produces optical power change that falls into the detector noise floor.
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The earlier experiment demonstrates the knife-edge method to get simple attenuation
control via the proposed VOA. The next experiment involves digital micro-mirror control over
the beam in two-dimensions leading to the desired super-resolution VOA. The knife-edge
attenuation control mechanism for the VOA demonstrated the use of an effective line spatial
sampler implemented with at most two adjacent micro-mirrors making the column width (see
Fig. 2.1(b)). To realize the super-resolution VOA, a 2-by-2 micro-mirror group is used as a point
spatial sampler. Thus manipulating the state of these effective point spatial samplers distributed
in the 2-D area of the DMD™ allows super-resolution or finer attenuation control. In the limit,
all the individual micro-mirrors on the DMD™ can be used for attenuation control, and in this
case an individual micro-mirror is the effective point spatial sampler. In practice, the limited
sensitivity of the VOA characterization Newport Optical Power Meter (Model 1830-C) used in
the experiment only allows the use of the bigger 2 × 2 micro-mirror spatial sampler so as to
obtain readings higher than the detector noise floor. Taking beam waists to be ω3x and ω3y along
x and y dimensions, the total number N of spatial point samplers available for VOA attenuation
controls is given by:
N = N row ⋅ N col ,
where N row =

3.9ω3 y
wrow

and N col =

(6)

3.9ω3 x
.
wcol

Here, as described for the first experiment, wcol is the width of effective column, whereas, wrow is
the width of the effective row for the knife edge performed in the vertical direction (See Fig.
2.1(b)); wrow = wcol. Experimentally, the number of spatial samplers Ncol along x-dimension and
Nrow along y-dimension used for VOA control is found to be approximately 176 and 178,
respectively. Hence for complete VOA control there are 176× 178 spatial samplers whose binary
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on/off states can be used to provide dynamic attenuation. The profile of the laser beam exiting
the GRIN lens can be approximated as a 2-D Gaussian. Since, a 2-D Gaussian function can be
written as two 1-D Gaussian orthogonal-coordinates functions, therefore, the normalized 2-D
weights Wij for the spatial samplers are obtained by the product of the 1-D Gaussian weights, i.e.
Wi and Wj. In other words,
Wij = Wi × W j ,

(7)

where:
Wi =

Wj =

Pi − Pi −1
;
PNx

Pj − Pj −1
PNy

i= 1, 2… Nx; Nx is total number of spatial samplers in x direction.

;

j= 1, 2… Ny; Ny is total number of spatial samplers in y direction.

PNx is the power when all N control columns along the x-direction on the DMD™ are in the ON

state and PNy is the power when all N control rows along the y-direction on the DMD™ are in the
ON state. Because the beam profile of the laser beam exiting the GRIN lens has been
approximated as a Gaussian [17], the weights of the individual spatial samplers, i.e., each 2 × 2
micro-mirror group lying across the beam will also show a Gaussian distribution as shown in
Fig. 2.4. The weights of the 2 × 2 micro-mirror based spatial samplers decrease as we move out
radially on the DMD™ when compared to the spatial samplers lying towards the centre of the
beam. At the central zone of the beam, spatial samplers exhibit highest weight and lowest
resolution steps. On the other hand, the edges of the beam exhibit spatial samplers on the
DMD™ with smallest weights and hence highest resolution and VOA beam power control.
The dynamic range of the proposed VOA is tested by observing the difference between
the lowest attenuation setting achieved with all samplers set in their ON or retro-reflective
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positions versus the maximum attenuation achieved by setting all samplers in their OFF or beam
deflection settings. This VOA dynamic range is measured to be 41.5 dB. The circulator and the
DMD™ chip PDL are specified to be 0.07 dB and 0.02 dB, respectively, with a successfully
tested < 0.07 dB PDL for the VOA.

2.4 VOA Super-Resolution

The largest attenuation change step is obtained using the spatial sampler 2 × 2 micro-mirror set
located at the center of the beam giving an attenuation change value of 2.9 mdB. The lowest
measured VOA step is obtained by using a spatial sampler located at the 1/e2 Gaussian beam
waist region, giving a VOA attenuation change of 0.0517 mdB. Note that there are other lower
VOA attenuation control steps produced using the spatial samplers located near the edge of the
beam, i.e., beyond 1/e2 Gaussian beam waist region but they fall into the noise floor of the
present photo-meter. Fig. 2.5 shows a plot of the demonstrated VOA resolution in dB provided
by all individual spatial samplers engaged on the DMD™. The VOA resolution in dB is given by
the relation:
⎛ 1
Rij = 10 log⎜
⎜1−W
ij
⎝

⎞
⎟.
⎟
⎠

(8)

Due to the inherent varying nature of attenuation resolution in the proposed VOA instrument,
one can define three regions of varying resolution (see Fig. 2.6). This is done by using two cutoff
normalized weight levels L1 and L2 for the spatial samplers and defining three regions through
these levels. An example of defined levels is shown in Fig. 2.6 using normalized weight cutoffs
of L1 = 0.225 and L2 = 0.425. The attenuator can make intelligent use of these three available
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resolution regions to arrive at a given VOA attenuation setting with extraordinarily high
resolution. The number of samplers in each of the three regions is obtained by counting the
samplers that satisfy the cutoff normalized weight level conditions shown in Fig. 2.6. This is
done by the following matrix operations. As a first step, all matrices required for the VOA super
resolution operations are defined. The normalized weight matrix W is defined as:
W = [Wij] N row × N col

(9)

where i = 1, 2… Ncol and j = 1, 2… Nrow. As shown next by the relations in Eqn. 10, Matrices
M1, M2 and M3 are obtained by comparison of all elements of the weight matrix W with the

normalized weight levels L1 and L2, i.e.,
if (Wij < L1 )
M 1ij = 1,
else
M 1ij = 0

(10.i)

if ( L1 ≤ Wij < L2 )
M 2ij = 1,
else
M 2ij = 0

(10.ii)

if (Wij ≥ L2 )
M 3ij = 1,
else
M 3ij = 0

(10.iii)

for i = 1, 2… Ncol and j = 1, 2… Nrow. In other words, the matrices M1, M2 and M3 contain a ‘1’
for a corresponding element weight in W matrix satisfying the Eqn. 10 threshold condition and a
‘0’ for not satisfying the condition.
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Next, an operator ‘Sum’ S[M] is defined that adds all the elements of a matrix M. As the
second processing step, the contents of each of the matrices M1, M2 and M3 are added by using
‘Sum’ operator giving:
N1 = S [M1],
N2 = S [M2],
N3 = S [M3].

(11)

Hence, N1, N2 and N3 are the number of samplers in the three defined regions.
As the third step, another operator is defined as ‘dot-multiplication’ (◊) that multiplies
the corresponding elements of two matrices if they have the same order. The ‘Sum’ operator of
the dot-multiplication of matrices M1, M2 and M3 with Wij gives the ratio of power falling in
each of the defined regions and thus the power percentages can be written as:
P1 = S [Wij ◊ M1 ij] x 100,
P2 = S [Wij ◊ M2 ij] x 100,
P3 = S [Wij ◊ M3 ij] x 100.

(12)

With weight matrix W containing weights as shown in Fig. 2.4 and normalized weight cutoffs of
L1 = 0.225 and L2 = 0.425 as mentioned earlier, the matrices M1, M2 and M3 are calculated
according to Eqns. 10.i-iii. Using Eqn. 11, N1, N2 and N3 equal 7097, 995 and 648, respectively.
Similarly, using Eqn. 12 gives P1, P2 and P3 values of 33.77%, 31.51% and 34.71%, respectively.
The weights of the 2 × 2 micro-mirror based spatial samplers lying across the beam cross-section
follow the given incident beam profile strength on the DMD™. Since the spatial samplers in the
defined region 3 lie in the center of the beam, they carry more weight and account for a larger
percentage of the beam power. Specifically for the design shown in Fig. 2.6, region 3 controls P3
= 34.71% of the total beam power falling on the DMD™ and has N3 = 648 spatial samplers. The
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average resolution for the samplers in this region is given by R3ave =

− 10 log( P3 / 100)
=
N3

− 10 log(34.71 / 100)
= 7.092 mdB. Earlier we defined a spatial sampler as a group of 2x2 micro648
mirrors. This sampler definition was shown to keep the power readings at the edge of the beam
to be above the measuring detector noise floor. Since, region 3 does not include the beam edge
and has sufficient power within each sampler; the 2x2 micro-mirrors lying within each sampler
can be manipulated to obtain 3 (4-1=3) more steps in the overall VOA attenuation control
leading to an average VOA in the fine control range of a resolution of 1.773 mdB. Region 2
handles P2 = 31.51% of the total power with a total of N2 =995 spatial samplers. This gives an
average resolution of R2 ave =

− 10 log( P2 / 100)
= 5.041 mdB. Like region 3, micro-mirrors within
N2

the defined spatial sampler can also be altered for region 2 to introduce more steps for the
attenuator. Finally region 1 handles the power along the outermost region of the beam where it
controls P1 =33.77% of the total power. Since there is less power in the outer region of the beam,
this percentage is spread over a large number of samplers, i.e., N1 = 7097. This gives an
extremely high average VOA resolution for this region 1 to be R1ave =

− 10 log( P1 / 100)
= 0.664
N1

mdB.

2.5 Conclusion

Introduced is a DMD™ based superfine resolution VOA module using an in-line
retroreflective design with magnification optics and SMF lens optics in a self-imaging
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configuration. The VOA design theory is described along with experiments. The experimental
VOA module delivered a 41.5 dB dynamic range, a 3.8 dB optical loss, a PDL of < 0.07 dB, and
a 1 msec total reset time. The VOA also exhibits a varying resolution with the largest measured
resolution step of 2.9 mdB and the smallest resolution step of 0.0517 mdB. For operational
purposes the VOA can be divided into three resolution zones and micro-mirrors in these zones
can be further manipulated to deliver the desired high resolution attenuator setting. The module
is suited for VOA test instrument applications. Future work relates to optimization of the beam
shaping optics and micro-mirror controls to enable full use of the DMD™ space bandwidth
product.
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Figure 2.1 (a): Proposed and demonstrated Super-Resolution VOA Instrument using a two

dimensional (2-D) Digital Micro-mirror Device (DMD™). C: Circulator, SMF: Single Mode
Fiber, FL: Fiber Lens, Sn: Spherical Lens (n=1, 2), fn: Focal Length of Lens Sn (n=1, 2), ωn:
Minimum Beam Waist before Lens Sn (n=1, 2, 3), dL: Half Self-Imaging Distance of Fiber Lens,
dn: Minimum Beam Waist Distance before Lens Sn (n=1, 2), Dn: Minimum Beam Waist Distance
after Lens Sn (n=1, 2).
(b) Figure showing effective column width and effective row width on DMD™ for Knife-Edge

experiments performed in the x and y directions, respectively. The figure also shows the actual
implementation via individual micro-mirror control.
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Figure 2.2 (a)
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Figure 2.2 (b)

Figure 2.2: (a) DMD™ based super resolution VOA experimental implementation using the

sliding knife edge method. Plot showing the cumulative power obtained as the knife-edge on
DMD™ slides in the x-direction.
(b) DMD™ based super resolution VOA experimental implementation using the sliding knife

edge method. Plot showing the normalized weights for DMD™ columns obtained from Fig. 2.2
(a) data.
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(a)

(b)
Figure 2.3: (a) Plot showing the cumulative power obtained as the knife-edge on DMD™ slides

in the y-direction, and (b) normalized weights for DMD™ rows obtained from part (a) data.
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Figure 2.4: Plot showing computed VOA control weights in 2-D for the spatial samplers in the

DMD™. Plot is generated using experimental data shown in Fig. 2 and Fig. 3.
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Figure 2.5: Plot showing the Resolution of individual spatial samplers in the DMD™ that are

used for VOA super-resolution controls. Eqn. 8 is used to generate this data.
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Region 3

Region 2

Region 1

Figure 2.6: Plot showing the three segmented regions of VOA normalized weights and the

threshold levels L1 = 0.225 and L2 = 0.425 separating them. Fig. 4 data is used to generate this
plot.
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CHAPTER 3: HYBRID ANALOG DIGITAL VARIABLE OPTICAL
ATTENUATOR
3.1 Introduction

FIBER-optic Variable Optical Attenuators (VOAs) are required in numerous applications where
light power control is required. Some applications include optical fiber communications,
industrial fiber-optic sensing, biomedical imaging and sensing, and photonic signal processing
for antennas and radar systems. The requirements for the VOA such as dynamic range and
resolution vary depending on the application. VOAs designed via optical micro-mirrors built
using micro-electromechanical systems (MEMS) technology have proven to be an attractive
VOA technology. Today, VOAs can be divided into two categories. The first category is the
analog design VOA [1-2] where a change in an analog drive signal (e.g., voltage level driving a
micro-mirror) causes an analog motion of the micro-optic (e.g., tilt change of the micro-mirror)
to realize a smooth analog change in the light power level exiting the VOA. Such a VOA is
highly effective in producing a large attenuation dynamic range by increasing the range of analog
motion of the micro-optics. Nevertheless, the analog VOA faces a dilemma where resolution of
control suffers at the expense of increasing dynamic range. The second category of VOAs is the
digital VOA [3-4]. Here, advantage is taken of the fixed spatial map of a light beam exiting a
single mode fiber (SMF). In particular, the light beam transmission or reflection area is divided
into discrete sub-zones such as using many tiny micro-mirrors that fill the spatial extent of the
beam. In this case, beam attenuation is achieved via digital control of the individual micromirrors where an “on” micro-mirror directs light to the exit SMF where as an “off” micro-mirror
directs light away from the exit SMF. Thus the digital VOA design provides 100 % repeatable
32

attenuation controls over the designed dynamic range of the VOA. The specific dynamic range
available depends on various factors of the digital micro-mirror chip such as digital tilt angle
states, device fill factor, and distance of chip from the exit SMF. In essence, the digital VOA
provides excellent digital precision attenuation resolution and repeatability; nevertheless, has
limitations on the high (e.g., > 60 dB) dynamic range front. This chapter presents VOA design
that solves the VOA dilemma of simultaneous high dynamic range and high resolution controls.

3.2 Attenuator design

Recently, a solution by N. A. Riza [5] to the mentioned dilemma was proposed using a
hybrid analog-digital VOA design. Fig. 3.1 shows an example implementation of this technique
for a MEMS VOA with independent input and output fibers. Light to be attenuated is fed to a
fiber lens FL1 through a single mode fiber (SMF). The light exits the fiber lens FL1, follows
Gaussian beam propagation and falls on the Texas Instruments (TI) Digital Micro-mirror Device
(DMD™). After reflection from the DMD™ the light is coupled back into a second fiber lens
FL2.The fiber lenses FL1 and FL2 are of the self-imaging type where the minimum beam waist
diameter of 2w0 occurs at a distance dL from the fiber lens surface. The DMD™ is placed so that
it is at distance dL from both fiber lenses FL1 and FL2. Hence, the DMD™ plane is at the
minimum beam waist location of fiber lenses FL1 and FL2. This leads to a condition of near
perfect self-imaging between the two fiber lenses. Using the self-imaging free space fiber-tofiber coupling geometry produces minimal optical loss [6]. With all micro-mirrors in the device
set to its “off” (or – θ) state, the device angular position and horizontal position are optimized to
an initial tilt and translation zero state where the light from the input fiber is reflected optimally
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into the fiber lens FL2. This coupled light then exits the VOA via an output SMF. Details on the
design and working of the DMD™ are described in an earlier reference [7]. The second fiber
lens FL2 is mounted on a fine tilt stage whose angular tilt can be smoothly varied to cause the
reflected beam to become angularly misaligned with the fiber lens. In addition, fiber lens FL2 is
also linked to a translation stage that allows FL2 to translate in the x-direction and hence
introduce misalignment-based coupling loss. As shown in Fig. 3.1, translation of the fiber lens
FL2 acts as a sliding knife-edge cutting perpendicularly across the light beam cross-section
projected by the DMD™. On the other hand, fine analog tilt motion of FL2 continues to keep the
entire DMD™ reflected optical beam cross-section on the FL2 entrance face. Thus, analog tilt
and translation motion controls of FL2 provide the analog mechanisms to attenuate the input light
and hence realize an analog VOA. In effect, one can reach any desired coarse attenuation setting
of the VOA using these analog mechanisms. Once the given coarse state is set, the digital-mode
of the VOA steps into action. Specifically, the “on” (or +θ) states of the micro-mirrors in the
DMD™ chip are set to arrive at the desired super-resolved attenuation setting. Because there can
be over a thousand digitally set micro-mirrors in the given SMF-fed optical beam incident on the
DMD™, over ten bits of attenuation fine control is readily achievable for the VOA for any given
coarse attenuation analog setting. Thus, a hybrid analog-digital design MEMS VOA is realized
that can simultaneously achieve high dynamic range and high-resolution repeatable attenuation
controls.

3.3 Experimental Demonstration

As a first design step, the hybrid VOA design of Fig. 3.1 is setup in the laboratory using a 1550
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nm center wavelength tunable laser source. Optical power measurements are taken using a power
meter and an optical spectrum analyzer. The measured optical losses for the VOA design
segments are as follows: 0.18 dB fiber lens FL1; 0.16 dB fiber lens FL2; 0.01 dB fiber-tofreespace coupling; 1.9 dB DMD™ chip due to fill factor, diffraction and micro-mirror
reflectivity. The fiber lenses FL1 and FL2 1/e2 beam waist radius is w0 =0.22 mm and the selfimaging distance used is dL =60 mm. The total VOA loss for its zero attenuation setting is
measured to be 2.25 dB with a <0.05 dB polarization dependent loss (PDL) and telecom C-band
operations. The initial angle between the incident beam from FL1 and the reflected beam to FL2 is
9.53˚. Fig. 3.2 shows normalized attenuation data for the VOA obtained using pure analog tilt
control of the fiber lens FL2. Measurements taken indicate a smooth 53 dB optical attenuation
dynamic range obtained through a tilt angle of 0.23˚. Thus, fine tilt motion of FL2 can deliver a
wide analog dynamic range for the proposed hybrid design VOA. Next, three examples are
considered for demonstration of VOA hybrid analog-digital mode operation with both high
dynamic range and high-resolution attenuation. For the first example, a low attenuation range
value of 3.5 dB attenuation is chosen and the setting is achieved by analog only tilt angle
controls. Then the digital mode of the VOA is switched on using a column-by-column micromirror addressing mode. As shown in Fig. 3.3(a), switching 14 micro-mirror columns to the “on”
state changes the attenuation setting from 3.5 dB to 4.38 dB, a 0.88 dB attenuation change. This
data indicates an average 0.063 dB attenuation resolution per column of micro-mirrors. The same
procedure is repeated for the second and third examples of the hybrid VOA in the mid and high
attenuation range by choosing values of 36 dB and 52.5 dB, respectively. Fig. 3.3(b) shows that
switching 14 micro-mirror columns to the “on” state changes the attenuation setting from 36 dB
to 38.48 dB, a 2.48 dB attenuation change, indicating an average 0.177 dB attenuation resolution
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per column of micro-mirrors. Similarly, Fig. 3.3(c) shows that switching 14 micro-mirror
columns to the “on” state changes the attenuation setting from 52.5 dB to 57.33 dB, a 4.71 dB
attenuation change and an average 0.341 dB attenuation resolution per column of micro-mirrors.
Note that each micro-mirror column used is presently designed via software control to
contain 88 micro-mirrors, each square micro-mirror being 13.8 µm per side. Thus on/off control
of individual micro-mirrors, within a column leads to even higher resolution attenuation controls.
Because the micro-mirrors operate in a digital fashion, these digital-mode attenuation settings are
repeatable.
The hybrid analog-digital VOA can provide a high dynamic range as once the analog tilt
mode provides the maximum analog attenuation, the DMD™ micro-mirror columns can be
deployed to achieve even more attenuation. Data in Fig. 3.4 shows that for the chosen analog
high attenuation setting of 52.5 dB (i.e., Fig. 3.3(c) analog only tilt mode setting), switching “on”
70 of the DMD™ micro-mirror columns covering the near null-to-null beam area increases the
VOA attenuation and leads to a higher hybrid VOA dynamic range of 81 dB. Thus, the
illustrated data in Fig. 3.3(a-c) and Fig. 3.4 show the versatility of the hybrid VOA to
simultaneously produce precise attenuation controls over a super-wide dynamic range using the
concept of hybrid analog plus digital micro-mechanics

3.4 Conclusion

The principles of a novel hybrid design MEMS VOA with independent input and output
fibers has been successfully demonstrated indicating both high 81 dB dynamic range and high
0.1 dB resolution controls with even a super-resolution (e.g., <0.01 dB) capability. The hybrid
36

VOA demonstrated a 2.25 dB optical loss, a < 0.05 dB PDL, and C-band operation. VOA
response time depends on the speed of FL2 tilt motion and the 1 ms DMD™ reset time. Optimal
operation of this VOA can be achieved via a look-up table of attenuation weights set for a variety
of analog and digital control states. A single input/output fiber hybrid VOA design is also
possible using a fiber-optic circulator [8].
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3.6 Figures
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Figure 3.1: Proposed Hybrid Design Analog-Digital MEMS VOA. FL1/FL2: Self-Imaging Fiber

Lenses; SMF: Single-Mode Fiber; DMD™: Digital Micro-mirror Device; 2dL: Fiber Lens selfimaging distance; 2w0: Beam Waist Diameter.
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Figure 3.3: Example measured digital attenuation control produced via pure digital micro-mirror

14 column control of the proposed Hybrid VOA when once set to a given attenuation setting via
pure analog tilt control of fiber lens FL2. (a) The analog setting of the VOA is at 3.5 dB
attenuation with an additional 0.88 dB produced by digital control. (b) The analog setting of the
VOA is at 36 dB attenuation with an additional 2.48 dB produced by digital control. (c) The
analog setting of the VOA is at 52.5 dB attenuation with an additional 4.36 dB produced by
digital control.
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of 52.5 dB and 70 digital micro-mirror column control of the DMD™. The combined attenuation
of the hybrid VOA gives a high dynamic range of 81 dB.
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CHAPTER 4: HYBRID ANALOG DIGITAL OPTICAL BEAM
PROFILER
4.1 Introduction

A wide variety of laser-based applications require precise and repeatable laser beam
profiling, specifically at high power levels. Over the years, a number of techniques have been
developed for beam profiling including knife-edge [1], dithered knife-edge [2], thermographic
[3], plasmonic [4], and liquid crystal [5] methods. Today, commercial direct high power laser
beam profiling is done by the traditional moving knife-edge methods that require super accurate
analog translation of a mechanical element over a long (e.g., cm) scale travel distance.
Considering that a typical 1 cm x 1 cm beam zone will have 10,000 x 10,000 one micron
resolution bins, the mechanical controls for a traditional mechanical profiler are severely
challenged leading to limitations in cost, profiler measurement reliability, and processing times
as sampling area increases. In addition, image photo-detector (e.g., CCD) based profilers for
direct profiling of high power laser beams are also not a good option due to detector saturation
effects and inter-pixel charge crosstalk. Thus, because of extensive use of moderate to high
power laser beams in both aerospace and commercial systems (e.g., laser-based material
processing), there is a need to realize an optical beam profiler with high resolution, large beam
characterization area, high reliability and fast speed. Applications requiring super-resolution
beam profiling over small apertures include characterization of fiber-tip and near-field optical
sources such as used in laser surgery. Earlier, a Digital Micro-mirror Device (DMD™) based alldigital laser beam profiler was demonstrated that can provide the desired profile features, except
for high resolution limited by the pitch of the micro-mirrors [6,7]. An improved design of this
digital beam profiler via the use of an analog-digital hybrid operation solves the limited
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resolution problem leading to a super-resolution (e.g. sub-micron) beam profiler [8]. This chapter
describes in detail the design and demonstration of the proposed hybrid beam profiler.

4.2 Beam Profiler Design

Fig. 4.1 shows the beam profiler design that works in a hybrid mode utilizing analog fine
translation control of high reliability Texas Instrument (TI) DMD™ and digital micro-mirror tilt
control within the DMD™ for coarse knife edge motion. Specifically, the light beam to be
profiled falls on the DMD™ chip plane. The DMD™ contains a two dimensional (2-D) array of
786,432 small tilt digital micro-mirrors. Each micro-mirror has two states of operation, i.e., the
+θ and -θ mirror positions. When the desired micro-mirrors are set to the +θ position, the
corresponding part of the optical beam is reflected to the photo-detector and a power reading is
taken. On the other hand when the specified micro-mirrors are set to the -θ position, the optical
beam is directed to the absorber. In effect, each micro-mirror acts like a photo-imager pixel; thus
the micro-mirrors in the DMD™ collectively form a 2-D array-based optical beam profiler. The
spatial sampling resolution of such a digital-only mode optical beam profiler is limited by the
pixel pitch of the DMDTM just like any pixelated CCD type profiler whose pitch generally ranges
from 10 to 25 microns depending on the specific device. Getting a device with a pitch close to 1
micron remains a challenge for both DMDTM and CCD designers.
The proposed hybrid approach increases the resolution of the profiler beyond the pixel pitch limit
produced by the pixelated operation of a DMDTM based profiler. First, all-digital motion knifeedge beam profiling is performed by taking optical power measurements for different digitallystepped knife-edge locations to produce an error-function profile with samples at intervals equal
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to the micro-mirror pitch of the DMDTM. As is well known, for symmetric beams such as a
Gaussian beam, differentiating the estimated error function acquired from raw data gives the
desired power distribution profile of the incident laser beam. The profiling resolution limit
imposed by the DMDTM pixel pitch size is countered by subdividing the pixel pitch into “n”
smaller equal steps, thus giving a new reduced spatial beam sampling step size. Hence the entire
DMDTM chip is translated by this reduced step size and another all-digital knife-edge beam
profiling operation is performed. This hybrid beam profiling procedure is performed ‘n’ times by
translating the DMDTM each time by the evaluated reduced step size. The ‘n’ digital errorfunction profiles produced by the hybrid operations are normalized and re-arranged to a common
spatial scale along the DMDTM translation axis, thus resulting in a final hybrid analog-digital
error-function profile. This hybrid profile consists of ‘n-1’ new samples within a pixel pitch, thus
creating a super-resolution error function that has an ‘n’ times higher resolution versus the error
function produced by a single all-digital profiling operation. In effect, the hybrid mode profiler
provides ‘n’ times better spatial resolution than the DMDTM-based all-digital profiler. For a 2-D
beam profile map, the DMDTM must be translated one pitch in both the x and y directions to
acquire error function data for both the x and y directions. For beam propagation characteristics,
the DMDTM must also be translated in the optical axis or z direction. Note that because the
DMDTM is translated a maximum one pixel pitch size, accurate analog motion control is required
over a very small and manageable range. This makes the chip motion operations fast and
repeatable and the overall beam profiling time is reduced considerably. In summary, the
resolution of the hybrid profiler is limited by the translation resolution of the DMDTM analog
motion mechanics that can enter the nanometer regime using sophisticated controls.
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4.3 Experimental Demonstration

The proposed hybrid profiler design shown in Fig. 4.1 is implemented in the laboratory using a
near-infrared (IR) C-band (1530-1565 nm) TI DMD™. This infrared chip has 786,432 micromirrors with 13.8 µm side square micro-mirrors operating with bi-stable ± 9.2º tilt angles and
approximately 14.5 µm pitch. For beam profiling, rows of micro-mirrors are flipped on their
diagonal axis from a +9.2º setting to a -9.2º setting in succession, thus simulating a moving knifeedge. The individual micro-mirror switching speed is 15 µs and the total chip setting time is 1 ms
through a high-speed serial computer interface. The optical energy deflected by these micromirrors at -9.2º setting (OFF state for micro-mirror) is absorbed. The remaining energy deflected
by micro-mirrors at +9.2º setting (ON state for micro-mirror) is recorded by a large area photodetector with a 0.3 cm active area diameter and capability to measure power densities of 2 Watts
per cm2. The micro-mirrors tilt about their diagonal axis from one tilt state to the other. Thus, the
DMD™ chip is rotated within the chip plane by 45º making the micro-mirrors controlled along
the diagonal direction so that the deflected light beams stay in the optical table plane. Using this
single diagonal axis DMD™ row/column control results in an effective digital knife-edge motion
step of approximately 10 µm [or 0.5 x 14.5 µm / cos (45°)] for the digital operation DMD™
knife-edge experiment.
Light from a fiber-coupled Graded Index (GRIN) lens produces a Gaussian laser beam with its
minimum beam waist located at the chip plane. Using a traditional coarse knife-edge profiler
with a 10 µm step, the Gaussian 1/e2 beam waist radius is measured to be approximately 190 µm.
Next, the digital only mode of the DMD™ profiler is used to estimate this beam waist. Fig. 4.2
shows the normalized error function profile obtained by performing this 10 µm effective
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resolution DMD™ –based digital knife-edge experiment. For higher beam profiling resolution,
the chip pixel pitch regime fine analog translation is applied. The 10 µm pitch is divided by a
factor n = 5; thus a 2 µm profiler sampling resolution is designed. Using a manually controlled
precision mechanical stage, the chip is translated five times by a distance of 2 µm in the direction
of the moving digital knife-edge and the digital knife-edge experiment is performed. The five
normalized error-function profiles obtained are shifted and plotted over a common axis, thus
giving a final error-function profile with a spatial resolution of 2 µm.
Fig. 4.3 (a) shows a segment of the final error-function profile and displays the
new sample points introduced between the sample points from the 10 µm step error-function
profile (Fig. 4.2). Fig. 4.3(b) shows the complete final error function profile that compared to the
10 µm step error-function profile (Fig. 4.2) shows a five times better resolution, a goal of the
proposed experiment. Fig. 4.4 (a) and 3.4 (b) present a comparison of the Gaussian beam profile
bar charts obtained via differentiation of the 10 µm step (Fig. 4.2) and 2 µm (Fig. 4.3 (b)) step
error-function data. The width difference of the bars (see Fig. 4.4) for the two cases is a clear
indicator of the improvement of the profiling resolution using the hybrid profiler. The 1/e2 beam
waist radius from Fig. 4.4 (a) and Fig. 4.4 (b) data are given by 187.3 µm and 188.4 µm,
respectively. These beam waist results are consistent with each other and the prior mentioned
knife-edge profiler measurement.

4.4 Conclusion

In conclusion, for the first time, a proof-of-concept hybrid profiler is experimentally
demonstrated showing a factor of five resolution improvement over the all-digital profiler. The
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profiling technique can also be generalized to non-Gaussian beams by programming the DMD™
to produce several inclined knife-edges or scanning pinholes. This instrument can achieve fast
(e.g., 10 ms) sub-micron knife-edge movement resolution profiling speeds over a large (e.g. cm)
testing zones, thus holding promise for industrial laser testing applications.
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4.6 Figures
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Micro-mirror Device (DMD™), PD: Large Area Photo-Detector.
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Figure 4.2: Plot of the Beam Profile Error Function measured using the DMD™ based Digital

Knife-Edge with an effective digital sampling size of 10 µm and 600 µm knife-edge translation
zone.
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Figure 4.3: (a) A selected window from the final Error Function Profile. (b) Plot of the final

Error Function Profile with the 2 µm resolution produced via analog motion of the DMDTM
over a 10 µm range with five 2 µm steps. Digital knife-edge profiling is conducted over a 600
µm translation zone.
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Figure 4.4: (a), (b) Plots of Gaussian beam profiles obtained from 10 µm all-digital step and 2

µm hybrid-step knife-edge profiling experiments.
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CHAPTER 5: WIRELESS PRESSURE SENSOR USING LASER
TARGETING OF SILICON CARBIDE
5.1 Introduction

Today, fiber-optic sensors are used in industry for various sensing applications in
aircrafts, locomotives, bridges, and power systems [1]. A particular industrial scenario is fossilfuel based power generation systems that falls in the category of extreme environments in terms
of temperature, pressure, and caustic fluids and gases. Generation of clean energy is an important
global concern [2]. Early fossil fuel power generation system designs show improved conversion
efficiencies and lower green house gas emissions when operating at extreme temperatures (>
1500 °C) and pressures (> 50 atm.) [3]. These next generation power production systems need
long lifetime high reliability sensors for extreme temperature and pressure measurements. Most
importantly, these sensors need to survive the extreme high temperature high pressure chemical
conditions including corrosive fluids, hot gases, molten metals, and sludge/waste. Of particular
importance are extreme environment pressure sensors, the subject of the present paper.
Pressure sensors have been built by utilizing the variation in the resistance or capacitance
of a device under pressures. Prototype Silicon Carbide (SiC) high temperature piezoresistive
pressure sensors were batch-fabricated at the NASA John Glenn Research Center by producing
the diaphragms using a chemical micromachining process, and the sensors showed promise and
were demonstrated to operate up to 500 ºC [4].

Okojie, et al. [5] fabricated and tested

piezoresistive pressure sensors at 1000 psi (or 68 atm) with full scale output 40.66 and 20.03 mV
at 23ºC and 500ºC, respectively. Ziermann, et al. [6] used SiC on Insulator (SiCOI) to create a
piezoresistive pressure sensor and tested its operation between room temperature and 500ºC.
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They reported the sensitivity of the device to be 20.2 µV/V·kPa at room temperature. Since
these SiC electronic sensors are based on the principle of piezoresistance, micropipe defects in
SiC negatively impact performance when compared to silicon-based electronic sensors. Attempts
have also been made to make SiC membrane optical Micro-Electro-Mechanical Systems
(MEMS) fiber-optic pressure sensors using Sapphire fibers [7]. Here, performances are shown
for relatively low pressures (e.g., 20 psi) using the thin SiC membranes. Moreover, all these SiC
MEMS pressure sensors are wired non-passive devices. In other words, electronic power and
processing is done on the front-end chip or via remoted fiber wire (e.g., Sapphire fiber that is
limited by multi-modal optical noise) that is also being simultaneously exposed to the changing
extreme environment. In effect, all the processing in the chip (plus fiber connection for the
optical MEMS case) must withstand any extreme environmental effects. In effect, the packaging
of the remoting wire for the sensor becomes a key concern and limitation. Hence, works were
implemented on producing a wireless electronic pressure sensor [8-10]. These highlighted
sensors require on-chip power plus electronics and contacts that are non-robust to high
temperatures. Another design proposed is passive, nevertheless, it presently has limitations in
temperature (< 400 ºC) and pressure (< 7 bars) ranges of operations [11]. In silicon technology,
p-n junction-isolated piezoresistors are used as pressure sensors for temperatures less than 175ºC,
and silicon-on-insulator (SOI) sensors for temperatures up to 500ºC. Other techniques have also
been investigated to measure pressure. Leading fiber-optic sensors such as using fiber FabryPerot interference or In-Fiber Bragg Gratings with wavelength-based processing also use the
fiber wire for light delivery and light return, hence inherently possessing the limitations of wired
devices for extreme environments [12-19]. Optically reflective [20] and interferometric [21-24]
techniques have also been investigated. The interferometric techniques were based on Fabry56

Perot interferometer/cavity formed by etching a glass substrate or the tip of an optical fiber and
enclosing the etched volume with a silicon diaphragm. The materials in these optical devices
were glass and silicon that will melt at the high temperature environment in fossil fuel
applications. Recently further work in optical pressure sensor has been reported, but all have
their limitations due to the exposure of their non-robust sensing element and/or their connecting
fibers in the extreme power generation systems environment. These are listed in references [2532]. All these fiber-based optical pressure sensors are wired designs.
Recently, a hybrid fiber-freespace optics approach to sensing was put forth that exploits
both the fiber-based remoting capability and the minimally invasive nature of laser targeted light
beams incident on specific sensing front-end chips [33-35]. Specifically for harsh environments,
the use of the single crystal 6-H SiC has been suggested to enable temperature, pressure, and gas
species sensing. It is for its material robustness to chemical attack, mechanical stability, and
excellent thermal and optical properties that single crystal SiC is chosen as the base optical
sensor material. There are numerous poly types of SiC such as 3C (cubic), 2H (hexagonal), 4H
(hexagonal), 6H (hexagonal) and 15R (rhombohedral). The key point to note is the high 2500 °C
melting temperature of 6H-SiC that makes it ideal for extreme temperature conditions. In
addition, its Young’s elastic modulus, yield strength, and Poisson ratio prove it to be a
mechanically robust material. These material properties make single crystal high thickness (e.g.,
300 microns) 6H-SiC an ideal reliable candidate for use in extreme environment sensors such as
needed for coal-fired power plants. Data from the recently demonstrated SiC sensor has shown
successful temperature measurements from room temperature to 1000°C, with pressures from 1
to 50 atms. SiC chip refractive index and thickness measurements up-to 1000°C have also been
possible with nanometer equivalent sensitivities [36].
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This chapter introduces a novel wireless optical sensor design for measuring pressure
within extreme environments [37]. Pressure sensing is accomplished by monitoring the spatial
optical properties of the freespace laser beam retro-reflected from the SiC optical chip placed in
a sealed capsule interconnected to the environment undergoing pressure changes. Specifically,
environmental conditions imposed on the chip cause changes in the chip’s optical and
mechanical properties. By detecting and processing these changes over the entire illuminated
chip region, the given extreme environment pressure conditions can be deduced. A detailed prior
art citation for pressure sensors is given to put the proposed innovation in perspective. It is
highlighted that these prior-art electronic and optical sensor designs require extreme environment
protection packaging of the sensing element to prevent sensing element damage, thus making a
very challenging sensor design. In addition, the sensor now becomes an in-direct reader of the
extreme environment conditions as it is not in direct contact with the conditions. In the proposed
sensor, the SiC chip solves these prior-art problems as the SiC material itself is the direct sensing
element as well as the packaging window within a basic high pressure capsule such as made
from stainless steel or a suitable high temperature high pressure ceramic. Preliminary
experiments from the proposed pressure sensor are presented including demonstrated pressure
measurement ranges and sensitivity, and comparison with theoretical models for chip mechanical
deformation. Issues related to sensor packaging and controls are highlighted.

5.2 Proposed Wireless Pressure Sensor Design

Fig. 5.1 shows the proposed wireless pressure sensor concept that uses a remotely placed allpassive optical sensor capsule made of a single crystal SiC chip acting as the capsule window
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and a pressure sealed capsule assembly made of a suitable high pressure high temperature
material such as a ceramic (including SiC forms, e.g., sintered SiC) or high pressure stainless
steel. The capsule has a high pressure connector that interfaces to the high pressure hot gas (or
fluid) flow system that is linked to the high temperature high pressure hot gas flow system such
as a fossil fuel plant under test. The SiC optical window sits in a specially designed sealed
pressure seat that creates the desired high pressure boundary conditions for the deployed SiC
chip. The Fig. 5.1 sensor operates as follows. The input laser beam from a laser L1 is passed
through an expansion-filter system of microscope objective lens MO and pin-hole PH. The
cleaned and expanded beam is vertically polarized using a polarizer P1 and then collimated using
a biconvex lens S1. The portion of the light beam that transmits through the Beam Splitter BS1
hits the SiC chip seated in the high pressure capsule with a sealed circular boundary. The size of
the beam hitting the SiC chip is controlled by an iris I1 that is placed between S1 and BS1.
Under ambient atmospheric pressure conditions (atmospheric pressure or 1 atm), the reflection
from the front and back surfaces of the SiC chip give a phase map that represents the relative
optical path length (OPL) differences between the two surfaces. This phase information is seen
on a 2-D CCD detector CCD1 in the form of fringes. The initial fringe pattern can be written as
Ii(x, y) as the initial phase map of a given SiC chip. For a perfect flatness parallel faces chip, one
would not observe any fringes; just a gray-scale uniform optical power level. Imaging lenses S2
and S3 are used to form a 1:1 imaging system between the SiC chip and the CCD. For laboratory
experiments discussed later, a compressed air cylinder is connected to the pressure capsule via a
manual regulator to control the pressure inside the capsule relative to the external ambient
atmospheric pressure.

59

Key principle of operations of the proposed sensor is the global sensing of the chip
deformation due to pressure. As the pressure in the capsule increases with respect to the external
ambient pressure, the SiC chip undergoes a mechanical deformation and assumes a convex
mirror position for the striking incident collimating beam. In effect, the SiC convex mirror acts
as a diverging refractive weak lens that produces a beam expansion for the reflected incident
beam. Hence, one should expect a magnification of the beam received at the remote CCD.
However, given the Fig. 5.1 design uses a 1:1 imaging system between the chip and the CCD,
the chip convex mirror-like deformation combined with the inverting imaging system produces a
reduction in the beam size at the CCD with increasing pressure. Hence by monitoring the optical
beam image size on the CCD, a pressure measurement can be remotely achieved. Because
CCD’s are highly light sensitive devices and single crystal SiC is sufficiently (e.g., > 10 %)
reflective (e.g., > 10 % reflectivity) for visible laser wavelengths, only a low power (e.g., < 10
mW) laser is required for the proposed sensor design. Do note that for highly remote distance
operations when transceiver and capsule distances exceed for example 1 m, lenses S2 and S3 can
be removed. In this case, the received beam expansion is monitored to access pressure. In this
chapter, the basic Fig.1 design is investigated as appropriate for short distance remoting as in a
controlled laboratory environment.

5.3 Sensor Mechanical And Optical Response

The SiC chip undergoes a mechanical deformation as the pressure in the capsule is
increased. In order to evaluate the nature and extent of this deformation, a theoretical analysis of
the mechanical response of the SiC chip within the pressure capsule becomes essential. The
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nature and extent of this mechanical response is in turn responsible for the optical response of the
sensor system. Hence, for optimal pressure sensor design a mathematical relationship between
the mechanical and optical responses within the sensor system needs to be established.
The mechanical response of the deployed 6H-SiC chip is dependant on its mounting in
the given test pressure capsule. Specifically, the mounting method defines the boundary
condition necessary for solving the equations that give the amount of deflection of the SiC chip
which it turn determines the power of the pressure sensitive convex mirror behavior of the chip.
Considering the design of the given pressure capsule SiC chip seat , two major methods, namely,
a circular chip with ‘Clamped Edges’ and circular chip with ‘Simply Supported Edges’ are
analyzed for the test capsule (see Fig. 2(a),(b)). In effect, the SiC chip experimental-mounting
method (shown later for the test capsule in this study) results in a hybrid of the Clamped Edge
and Simple Supported Edge methods. Furthermore, the deflection analysis is sub-divided under
two regimes of small and large deflection analysis. The small deflection regime is defined by the
condition that the maximum deflection should be less than half the thickness of the chip [38].
Specifically, the region in the middle plane of the sensor chip, undergo small displacements
perpendicular to the direction of the plane thus forming the middle surface of the chip. When
these displacements are small in comparison with the thickness of the chip, the strain of the
middle plate can be neglected and analysis is in the small deflection regime. When this is not
true, the analysis is extended to include the effect of strain of the middle plane of the chip. This
large deflection regime analysis gives deflection and stress results that deviate from the small
deflection regime. As shown later via the experiments, the proposed pressure sensor operates
well within the small deflection regime of the utilized 6H-SiC chip.
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Also note that failure stress analysis of the SiC chip is essential for a robust sensor
design. Hence, the maximum stress values generated for all pressure cases have to be evaluated.
Proper design requires working with pressures that generate maximum stress values that are less
than the failure yield stress value for 6H-SiC. This pressure-limited operation ensures the reliable
and repeatable performance of the SiC chip and hence the proposed wireless optical pressure
sensor.
Under uniformly distributed applied pressure, a circular sensor chip with clamped edges
(see Figure 2(a) exhibits deflection according to the following classic expression [38] :

w(r ) =

P(a 2 − r 2 ) 2
,
64 D

(1)

where w(r) is the bend in chip at a certain radius r, P is applied differential pressure between the
two isolated sides of the chip, ‘a’ is the radius of the chip, ‘ν’ is the chip material Poisson’s ratio
and D is its rigidity constant. D is defined as:

D=

Eh 3
,
12(1 − ν 2 )

(2)

where ‘E’ is the chip material modulus of elasticity and ‘h’ is the thickness of the chip. The
maximum deflection is at the center of the chip and is given by:

wmax =

Pa 4
.
64 D

(3)

The maximum stress caused by pressure is at the boundary of the chip given by the equation:

(σ r )max

=

3Pa 2
.
4h 2

(4)

For a circular sensor chip with supported edges (see Figure 2(b)), the deflection under
uniformly distributed applied pressure is given by the following expression [38]:
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w(r ) =

P(a 2 − r 2 ) ⎛ 5 + ν 2
⎞
a − r2 ⎟ .
⎜
64 D ⎝ 1 + ν
⎠

(5)

The maximum deflection is at the center of the chip and is given by:

wmax =

Pa 4 ⎛ 5 + ν
⎜
64 D ⎝ 1 + ν

⎞
⎟.
⎠

(6)

The maximum stress in the supported chip caused by pressure is at the center of the chip given
by the equation:

(σ r )max

3Pa 2 (3 + ν )
=
.
8h 2

(7)

Now consider the proposed case of a 6H-SiC chip with thickness ‘h’ of 280 µm, radius
‘a’ of 2.5 mm, Poisson’s ratio ‘ν’ of 0.16 and Young’s Modulus ‘E’ of 415 GPa [39-40]. Fig. 3

shows the expected deflection produced for 6H-SiC sensor chip with the applied differential
pressure in the pressurized capsule. The maximum deflection of the sensor chip, with a 5 mm
diameter pressure boundary and thickness of 280 µm, is expected to be well within the small
deflection range (i.e., < Thickness/2= 140 µm) at 100 atmospheres. The expected stress produced
for 6H-SiC sensor chip with the applied differential pressure in the pressurized capsule is shown
in Fig. 4. Using a 1 GPa yield stress [41] (approx.) for the 6H SiC chip, the demonstrated
wireless pressure sensor is expected to work safely up to a pressure of 100 atm.
Comparing the two Fig. 5.2 SiC chip seating setups in the small deflection regime, the
supported edge chip seating case gives approximately 3.7~5 times larger deflection than the
clamped chip case (see Fig. 5.3) but then it also gives 1.5~1.75 times higher maximum stress
value (see Fig. 5.4). Since the experimental set-up to seat the SiC chip in the high pressure cell
utilized in the present study is a hybrid of the two cases, the maximum stress value is expected to
be in a range whose limits are defined by the stress values given by the mentioned two cases.
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Same discussion holds true for the maximum deflection of the SiC chip. Note that in the
large deflection regime, exact analytical solutions are not available and only approximate
analytical solutions can be utilized. However, numerical methods and simulation tools (like
Finite Element Method Software) can provide more exact solutions for the plate/chip deflections
and stress values.
After deflection according to equations (1) or (5) under small deflection regime, the
surface of the SiC chip and hence the optical response of the SiC chip can be approximated by a
weak lens. Geometrical analysis for weak lensing mirror optics (i.e., when lensing mirror radius
of curvature R << Lensing mirror Central Thickness wmax) can be carried out to show that the
SiC weak convex mirror focal length fm in cm is given by:

fm =

w2 + a 2
R
cm,
= max
2
2 4 wmax
× 10 4

(8)

where wmax is the SiC chip central position maximum displacement with applied differential
pressure P and a is the radius in microns of the SiC chip pressure boundary. Using Equations
(3), (6), and (8), and a pressure boundary of a= 2.5 mm, Table 5.1 gives the theoretically
expected maximum chip central deflection and equivalent weak focal length values for the SiC
chip under specific varying pressure values. These pressure values were implemented later in the
experiment. In addition, Fig. 5.5 shows the theory predicted focal length change for the SiC
weak mirror for a broad range of pressures.
Recall that the SiC chip acts as a weak convex mirror (equivalently, a weak concave lens)
within the proposed Fig. 5.1 wireless optical sensor setup containing S2/S3 1:1 imaging system.
The S2 and S3 lenses have focal lengths F2 and F3, respectively (F2 = F3 = F). When the SiC chip
experiences no differential pressure (P=0), it acts like a flat mirror and S3/S4 lenses form a 1:1
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imaging system with magnification M=1. As P increases, the SiC chip starts acting like a convex
mirror (or concave lens) with a long negative value focal length. It is well known that the
equivalent focal length fe for two lenses (convex lens focal length F2 and mirror focal length fm)
placed L apart is given by [42]:

fe =

F2 (L − f m )
.
L − (F2 + f m )

(12)

Hence, the SiC chip weak concave lens in combination with the first imaging lens S2 forms an
equivalent imaging lens with a new fe focal length. With F2=F and L=F, and considering weak
lensing conditions which are true for the proposed SiC pressure sensor, the new pressure
dependent optical linear demagnification M (fm is a negative value) for the imaging system can
be approximately written as:

M =

F3 F
fm
1
.
=
=
=
fe
fe ( fm − F ) 1 − F / fm

(13)

As M can be measured by computer-based image processing of the CCD acquired images in Fig.
5.8 and F is known, fm can be calculated. Furthermore, as fm is related to wmax of the SiC chip
(See Eqn.8) and wmax is related to the differential pressure P in the capsule (see Eqns. 3 & 6), the
measured pressure P can be calculated. As actual experimental conditions for the SiC chip
seating can be a combination of the clamped and supported chip deformation models, each
proposed wireless sensor should be calibrated using a state-of-the-art pressure gauge. In effect, a
sensor calibration table should be deployed that stores precision taken pressure values and their
corresponding M values provided by the wireless optical pressure sensor. In this way, any nonlinear effects within the pressure versus M function can be calibrated into the sensor
measurements leading to reliable and accurate pressure measurements.
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5.4 Wireless Pressure Sensor Demonstration

In order to study the pressure measurement aspects of the proposed Fig.1 wireless sensor,
a high pressure stainless steel capsule is fabricated as shown in Fig. 5.6. Fig. 5.7 shows the
manner in which a square 1 cm x 1 cm SiC chip is seated in the pressure capsule. The variable
aperture seat (washer) used has a 5 mm diameter and creates the circular pressure boundary on
the chip. The washer is attached to the steel seat by a GE RTV 102 silicone rubber adhesive
sealant with operational temperature range of – 60 °C to 204 °C. The SiC chip is attached to the
washer using a layer of the same sealant. The sealant is filled in the canal of the brass seat so it
strongly holds on to the steel seat. A layer of the sealant was also applied at the edges of the two
seats to avoid any leaks. Do note that for high temperature or temperature independent pressure
sensor operations, a modified SiC seating design should be utilized to match seat and chip
material Thermal Coefficient of Expansion (CTE) values to avoid temperature dependent global
chip deformation. This aspect will be pursued in future advanced stage work.
To enable the present Fig. 5.1 sensor design, a 10 mW 633 nm (red wavelength) linear
polarization He-Ne laser is used as the source L1. The expansion-filter system utilizes a 10X MO
lens and 10 µm PH. The collimating lens has a focal length of 15 cm. The sealed circular
boundary of the SiC chip for the experiment is of ~ 5 mm diameter. Imaging lenses S2 and S3
have 10 cm focal lengths forming a 40 cm path 1:1 imaging system between the SiC chip and
CCD. The temperature condition during the experiment is the ambient 26 ºC room temperature.
The manual regulator connected to the compressed air cylinder is used to control the pressure
inside the capsule relative to the external ambient 1 atm pressure.
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As shown in Fig. 5.8, as the pressure in the capsule increases above 1 atm, the differential
pressure P on the SiC chip produces an increasing convex mirror chip deformation of the initial
pattern Ii(x,y) thus producing a pattern reduction in size. Fig. 5.8 shows the set of images from
the wireless pressure sensor where the initial fringe pattern size decreases with increasing
capsule differential pressures up-to 40.8 atm (1 psi = 0.068 atm). A quantization of the image
reduction versus applied differential pressure P in the capsule for P taken up-to 40.8 atm is
shown in Table 5.2 giving the experimentally measured values for M versus P. Fig. 5.9 connects
the discrete experimental data to show a plot of differential pressure P on SiC chip versus image
size given by pixel count. These results show a linear behavior of the applied differential
pressure P versus the measured optical parameter of image size. Sensor pressure resolution is
given by the inverse of the slope of the plot in Fig. 5.9. This plot indicates a current experimental
resolution of 1.17 atm calculated as 40.82 atm/ [(147-112) pixels]. Resolution measurement is
restricted by the pixel size in the deployed CCD. Here 147 pixels of the CCD = 5 mm real size
using the 1:1 imaging approach. One can greatly improve the pressure measurement resolution
by decreasing the pixel size and increasing the size of the optical beam on the CCD plane. This is
to our knowledge the first demonstration of a wireless SiC optical chip for high pressure
assessment and points to the robustness of the thick SiC chip under high gas pressures, a result
needed for potential fossil fuel power generation system gas species detection using custom SiC
chips. For comparison and sensor design accuracy, Fig. 5.10 shows plots for the experimentally
detected image magnification M versus pressure P for the studied wireless sensor versus the
theoretical design plots. These Fig. 5.10 plots indicate that the SiC chip seating is closer to the
clamped case, an expected results because of the pressure washer (seal) used to maintain the chip
in a sealed arrangement. In addition, the Fig. 5.10 results indicate a linear operation of the
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demonstrated pressure sensor with the SiC chip performance well within the linear elastic small
deformation range, a need for long-life repeatable robust sensor operations.

5.5 Conclusion

An extreme environment wireless pressure sensor design has been proposed using a thick single
crystal 6H-SiC chip seated in a pressure capsule that can be designed for extreme conditions. The
sensor operates on the principle of remote laser beam targeting, SiC chip optical weak lensing,
and received beam image measurement. The concept has been tested up-to 41 atm with an initial
1.17 atm pressure measurement resolution. Experimental results also show a linear mechanical
and optical behavior of the SiC chip and sensor demagnification parameter read-out indicating
the expected robustness of the SiC chip technology under high pressures. Mechanical deflection
analysis points to a clamped seating case for the SiC chip within the capsule while chip stress
analysis indicates a robust design reaching 140 atm and beyond. Sensor resolution can be
improved with optimized SiC chip and capsule designs. These initial results attest to the promise
and strengths of SiC chip-based optical wireless sensor technology for fossil fuel based power
generation system applications. Future work relates to designing a temperature independent
wireless pressure sensor with optimal capsule packaging and extensions to long distance remoted
sensor operations.
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5.7 TABLES

Table 5-1: Theoretical Central Deflections and Focal Lengths of the SiC Chip Convex Mirror

versus Pressure.

Differential
Pressure P
(psi)
0
200
300
400
500
600

(atm)
0
13.61
20.41
27.21
34.01
40.82

Model 1
Supported Sensor Chip
Convex Mirror
Chip Central
Focal Length
Deflection
fm (cm)
wmax ( µm)
0.000
4.804
7.206
9.608
12.010
14.412

∞
32.53
21.68
16.26
13.01
10.84

Model 2
Clamped Sensor Chip
Convex Mirror
Chip Central
Focal Length
Deflection
fm (cm)
wmax ( µm)
0.000
1.080
1.620
2.160
2.699
3.240

Table 5-2: Experimental Optical Image Size vs. Capsule Differential Pressure P.

Differential Pressure P
(psi)
(atm)
0
0
200
13.61
300
20.41
400
27.21
500
34.01
600
40.82

Image Size
(CCD pixels)
147
135
130
125
117
112
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Measured Magnification
(M=Image Size/147)
1.00
0.92
0.88
0.85
0.80
0.76

∞
144.68
96.45
72.34
57.87
48.23

5.8 Figures
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Figure 5.1: Proposed SiC-chip based wireless optical pressure sensor.
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Applied Uniform Differential Pressure P
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Applied Uniform Differential Pressure P
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Figure 5.2: Shown are the two Key Mechanical Models, (a) Clamped Edge model and (b)

Simply Supported model, used to analyze the SiC Chip mechanical deformation behavior when
seated in the proposed high pressure capsule.
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Figure 5.3: Plot shows maximum SiC chip deflection ‘wmax’ (at the center of the chip) under

applied pressure for the Clamped Edge and Supported Edge boundary condition models. The
chip boundary diameter was taken to be 5 mm.
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Figure 5.4: The expected stress produced in SiC chip of 5 mm diameter and 280 µm. thickness.

Figure 5.5: Plot shows the effective theoretical focal length ‘fm’ of the SiC chip acting as a

convex mirror due to applied pressure. The focal length decreases as the differential pressure is
increased.
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Figure 5.6: Experimental design used for seating the SiC chip in the high pressure capsule.
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Figure 5.7: Snap shot of the experimental seating components and their arrangements used for

seating the 6-H SiC chip in the high pressure capsule. Components in photograph are labeled as:
A: Brass chip seat holder with sealant canal and grooves; B: Steel seat; C: Aperture seat (washer)
and D: SiC chip.
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(a)

(b)

(c)

(d)

Figure 5.8: SiC chip-based pressure system Ii(x,y) optical images produced for (a) 0 atm, (b)

13.6 atm (200 psi), (c) 27.2 atm (400 psi), and (d) 40.8 atm (600 psi) high differential pressure
conditions in the pressure capsule. Photos show both axes dimensions in CCD pixel count.
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Figure 5.9: Plot shows demagnification of incident beam size as it reflects from the SiC chip

under pressure acting as a weak convex mirror coupled to a 1:1 image inversion system.
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Figure 5.10: Plot shows the experimental beam demagnification along with the theoretical

demagnification for Clamped and Supported sensor chip models. The behavior of the chip shifts
from clamped model towards supported model as the pressure increases.
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CHAPTER 6: SILICON CARBIDE BASED REMOTE WIRELESS
OPTICAL PRESSURE SENSOR
6.1 Introduction

Fossil fuel based power generation systems are expected to show better efficiencies and
environmentally cleaner outputs when operating at higher temperatures (e.g., > 1400 ºC) and
pressures (e.g., > 588 psi (40 atm)) [1]. These extreme conditions including chemically corrosive
gases and liquids require durable and reliable sensors for measurement of temperature and
pressure. Both wired and wireless attempts have been made to realize the desired extreme
environment handling pressure sensors. Wired optical fiber-based pressure sensors have been
proposed such as using micro-machined membranes [2-3], fiber Bragg gratings [4], and FabryPerot cavities [5-6]. Because extreme environments can destroy the required packaging for
protecting the remoting wires, wireless electronic pressure sensors have also been implemented
with limited success as the required on-chip electronic circuits and power sources fail at elevated
temperatures [7-8]. In the last chapter, a wireless optical sensor based on localized free-space
laser beam targeting of a single crystal Silicon Carbide (SiC) chip was proposed and
demonstrated as an extreme environment temperature sensor [9]. Further, it was proposed that
global targeting of the SiC chip acting as an optical window within a pressure capsule package
can realize a wireless pressure sensor [10-11]. Hence, the purpose of this chapter is to
demonstrate, for the first time, a long distance (e.g., several meters) remoted wireless operation
of the proposed pressure sensor concept that involves monitoring the weak lensing effect
imposed on a SiC chip when subjected to differential pressure in its pressure capsule. SiC is
chosen as the front-end all-passive sensor material due to its robust mechanical, chemical, and
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optical properties when subject to extreme environments with respect to temperature, pressure
and chemically corrosive conditions. The rest of the chapter describes the design and
experimental operations of the tested wireless optical pressure sensor.

6.2 Proposed Remote Wireless Pressure Sensor Design

Figure 6.1 shows the design of the proposed pressure sensor. A collimated laser beam passes
through a Beam Splitter (BS) and after traveling a distance d1 targets the SiC chip fitted as a
window in a High Pressure Capsule (HPC). The beam reflections from the SiC chip travel a
distance of d1 + d2 and are captured by an Optical Image Detector (OID). Because laser beams
can be highly collimated and the pressure effect on the SiC chip is a mechanical deformation
resulting in a weak lensing effect, the distance d1 can be designed to be rather large, e.g. several
meters. Thus, only the SiC-based HPC is placed in the hostile zone while the transceiver module
containing the laser source, alignment optics, and the OID is meters away, allowing safe and
remote pressure measurement. In general, the HPC is made with a robust high temperature
material such as stainless steel or ideally a Thermal Expansion Coefficient (CTE) matched
ceramic such as sintered non-porous SiC. Note that the beam reflections from the SiC chip are
produced as reflections from the chip front and back surfaces, giving an interferometric fringe
pattern that is observed by the OID. These fringes contain information about the relative phase
differences between the two SiC surfaces, and are unique for a given SiC chip. In the absence of
any differential pressure, i.e., pressure inside the capsule is equal to the ambient atmospheric
pressure outside the capsule, the SiC chip acts like a flat mirror. Thus the laser beam after
reflection from the chip continues to diverge in accordance with Gaussian beam propagation and
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divergence. However, in the presence of differential pressure P, the SiC chip with a circular
pressure boundary of radius “a” (in cm) bulges outwards with a maximum central displacement
of wmax (in cm) given by:
wmax ( P) =

Pa 4
, and
64 D

Pa 4 ⎛ 5 + ν ⎞
wmax ( P) =
⎜
⎟
64 D ⎝ 1 + ν ⎠

(1)

(2)

for the Clamped-Edge model (Eqn.1) and Supported-Edge model (Eqn.2), respectively [10].
Here, D is the SiC rigidity constant and ν is its Poisson’s ratio. As shown in the earlier works
[10-11], the SiC chip under differential pressure P acts as a weak convex mirror or equivalently
as a concave lens with focal length f(P) in cm given by [10]:
f ( P) =

2
wmax
( P) + a 2
cm.
4w max ( P ) × 10 4

(3)

Fig. 6.2 shows the weak lens optical ray-trace model used to design the proposed remote
pressure sensor where the SiC chip acts like a pressure dependant concave lens that diverges the
input laser beam. Thus the beam diameter D(P) measured by the OID provides a value for the
sensed pressure P. For example, at P = 0, f = ∞ and D(P) = D0, the initial beam diameter on the
OID. Given that the illuminated SiC chip naturally produces a specific fringe pattern via its
Fabry-Perot etalon behavior, a given chip that produces a linear fringe pattern can be used to
design the pressure sensor. In this case, one can simply use the OID measured fringe period to
determine the pressure P. Moreover, using Fig. 6.2, one can define a pressure dependent sensor
magnification factor M given by:
M ( P) =

(d + d 2 )
D( P) X ( P)
=
= 1+ 1
,
D0
X0
f ( P)
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(4)

with d1+d2 in cm and where X(P) is the fringe period for pressure P and X0 is the fringe period
for P = 0. Thus, by measuring M using the OID, one can remotely deduce the pressure P using
the calibration data stored in the Computer Image Processor (CIP). For sensor calibration, one
uses a reference pressure gauge to record P versus M data as P is varied over a desired
calibration range.

6.3 Remote Wireless Pressure Sensor Demonstration

In order to test the proposed remote sensor, a 6H-SiC chip is fitted in a stainless steel test HPC
[10]. A 10 mW, 632.8 nm wavelength, linear-polarization HeNe laser raw beam is deployed.
This raw laser beam has an exit minimum Gaussian beam waist diameter of 0.96 mm and a
Gaussian beam divergence θ of 0.84 mrad. The SiC chip has thickness of 280 µm and a pressure
boundary radius a = 2.5 mm. The SiC Poisson’s ratio ν = 0.16 and Young’s Modulus E = 415
GPa [9]. The ambient room temperature during the experiment is 24º C. The HPC is connected
to a compressed air cylinder via a high pressure connector. A manual regulator is used to control
the pressure inside the capsule relative to the external ambient atmospheric pressure. The HPC
pressure is measured using a GE Sensing Digital Test Gauge Model Druck DPI 104. The remote
distance d1 + d2 is 2.5 m, and a Charge-Coupled Device (CCD) is used as the two-dimensional
(2-D) OID. The laser beam, in addition to the remote distance d1 + d2 = 2.5 m, travels a distance
of 2 m (i.e., d3 + d2, measured from laser to the SiC chip) and thus the expected Gaussian beam
diameter with a total beam travel distance of d = 4.5 m is given by D0 = ω(d) ≈ 2.θ.d = 7.56 mm
[13]. At P = 0, this measured initial beam diameter D0 on the screen is approximately 7.5 mm
which closely matches the expected diameter. Using Eqns. 1-4, the pressure dependent sensor
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Magnification M(P) of the SiC chip versus P is calculated for the mentioned two distinct
mechanical models for seating the chip within the HPC [10-11]. The SiC chip deployed acts like
a weak wedge producing five fringes across the illuminated 5 mm diameter chip face. Using the
CCD camera, fringe pattern images formed on a screen (placed at the OID location in Fig.1) are
captured for a Data Set 1 range of P = 0 - 600 psi with a step of 25 psi. By computer processing
the acquired images, pressure dependent fringe period X(P) is calculated which leads to the
calculation of M(P) using Eqn. 4. The experiment is conducted a second time for a Data Set 2
range of P = 10 - 610 psi with a step of 25 psi. As shown in Fig. 6.3, the results from the two
experiments closely follow each other, indicating the repeatable robust behavior of the sensor.
Also, experimental data shows that the mechanical behavior of the SiC chip shifts from a
Clamped-Edge model towards a Supported-Edge model. Thus, the experimental results are a
hybrid model and adequately represented within the extreme theoretical cases of Clamped versus
Supported Edges.
Fig. 6.4 shows plots of measured fringe period X(P) in pixels with increasing P for the
two conducted experiments. The pressure sensor resolution is determined by a single pixel shift
of the fringe pattern and hence calculated by taking the gradient dP/dX of the curves in Fig. 6.4.
From Fig. 6.3, the increment in magnification M with increment in P is greater at lower pressures
than at higher pressures. Therefore, as shown in Fig. 6.5, the pressure sensor resolution is better
at lower pressures as compared to higher pressures. For example, Fig. 6.5 calculated 1.85 psi and
9 psi resolutions are at 25 psi and 450 psi pressures, respectively. Note that the sensor resolution
can be improved by adjusting the image focus distance between the screen and the capturing
CCD to allow a higher number of pixels to cover a single fringe period.
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The experimental sensor system optical efficiency is ~ 8.5 %, dominated by the 6 dB (75%)
loss due to BS operations and ~ 34% reflectivity of the SiC chip. The demonstrated SiC-based
wireless optical pressure sensor operates at a 24º C room temperature. With an increasing
temperature of the SiC chip, one expects an increase in chip thickness via thermal expansion [9]
and an increase in material refractive index [12]. Both these factors uniformly change the optical
path lengths for the interfering beams from the SiC chip surfaces, thus causing fringe pattern
shifts with temperature. Nevertheless, the SiC chip weak lens effect is expected to be dominated
by the pressure-based chip deformation, making the proposed pressure sensor essentially
temperature independent.

6.4 Conclusion

In conclusion, demonstrated is a SiC-based wireless optical sensor that features a completely
passive front-end and a remoted transceiver, thus indicating the sensor’s potential for operation
in harsh environments. Experimental results obtained at room temperature show the sensor to be
a reliable instrument over a range of 0-610 psi with an average resolution of 4.5 psi. Future work
relates to experimental demonstration of the proposed sensor under changing temperature
conditions and optimization of the optics and electronics to realize a compact and robust sensor
system.
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Figure 6.1: Proposed SiC-chip based remote wireless optical pressure sensor.
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Figure 6.2: Shown is the Weak Lens (WL) optical ray-trace model that describes how the SiC

chip acts like a pressure dependant concave lens that diverges and magnifies the input laser
beam.
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Figure 6.3: Plot shows the experimental beam magnification M for the two experimental runs

along with expected theoretical magnification based on the Supported-Edge and Clamped-Edge
mechanical models.
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Figure 6.4: Plot shows the measured optical fringe period X(P) produced by differential pressure

(P) for SiC chip-based pressure sensor. Also shown are the equations resulting from the
quadratic curve fitting for the two data sets.
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CHAPTER 7: MODELING THE MECHANICAL RESPONSE OF A
THIN CIRCULAR SIC OPTICAL PLATE UNDER HIGH PRESSURE
AND TEMPERRATURE
7.1 Mechanical Response of the SiC Optical Chip/Plate

The mechanical response of the 6H-SiC chip is dependant on the manner in which it is
packaged/mounted, thus defining the boundary conditions necessary for obtaining a final
solution that gives the amount of deflection in the chip. Two major mounting methods are
considered for plate analysis, i.e., circular plate with ‘Clamped Edges’ and circular plate with
‘Simply Supported Edges’. The deflection analysis conducted is sub-divided into the three
categories of pressure dependent deflection, temperature dependent deflection and pressuretemperature hybrid deflection. Deflection analysis in all three categories is considered to be
within the regime of small deflection analysis where the small deflection regime is defined by
the condition that the maximum deflection should be less than half the thickness of the chip. The
particles in the middle plane of the SiC chip undergo small displacements perpendicular to the
direction of the plane, thus forming the middle surface of the chip. When these displacements are
small in comparison with the thickness of the chip, the strain of the middle plate can be neglected
and analysis is in the small deflection regime. When this is not true, the analysis is extended to
include the effect of strain of the middle plane of the chip. Finally, the maximum stress values
generated for all mounting methods are evaluated thus ensuring that the SiC plate is working
within reliable limits.
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7.2 SiC Plate Deflection Analysis For Any Pressure and Temperature

Consider a high pressure P and temperature T system as shown in Fig. 1 where the proposed
smart SiC optical probe is engaged. In order to measure the pressure and temperature of the
system, a laser beam targets SiC chip in the sensor probe. As explained earlier the optical power
from the local reflection (a small region) from the SiC chip gives a measure of the temperature
whereas the global spatial reflection from the chip provides the measurement of pressure. The
initial state of the system can be defined as S0 when the system is at room temperature and zero
differential pressure. The pressure and temperature of the system then rise until the system
reaches the state S1. The two states can be said to exist at times Time 0 and Time 1, respectively.
The nature and extent of deflection of a circular plate at state S1 and Time 1, under the applied
differential pressure P(x,y) and temperature T(x,y,z) depends on the nature and distribution of the
pressure P and temperature T over the body of the plate (see Fig. 1). The governing equation for
the pressure and temperature dependent deflection w(x,y) of a plate is given by1:

∇4w =

1
1⎛
P ( x, y )
∂2w
∂2w
∂2w ⎞
⎟
−
∇ 2 M T + ⎜⎜ N x 2 + N y 2 + 2 N xy
D
D(1 − ν )
D⎝
∂x∂y ⎟⎠
∂x
∂y

(1)

In equation (1), ν is the material Poisson’s ratio and ‘D’ is the material rigidity constant defined
as:
D=

Eh3
12(1 −ν 2 )

,

(2)

where ‘E’ is the material modulus of elasticity and ‘h’ is the thickness of the plate. The term MT
corresponds to the thermal bending stresses resulting from the temperature variation across the
chip volume and is mathematically given as2:
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M = Eα
T

h/2

∫ ∆T ( x, y, z) zdz ,

(3)

−h / 2

where α is the material temperature coefficient of linear expansion and ∆T(x,y,z) is the increase
in temperature of the plate from original state S0 to state S1. Nx , Ny , Nxy terms in equation (1) are
the internal forces acting in the middle surface of the plate due to the in-plane stress. These terms
are evaluated through solution of a stress-function F which is given as3:
∇ 4 F = −∇ 2 N T .

(4)

NT corresponds to the thermal membrane in-plane stresses when the chip’s edges are restrained

and is given as2:

N T = Eα

h/2

∫ ∆T ( x, y, z )dz

(5)

−h / 2

Since, the SiC chip has excellent thermal conductivity (4.9 W/cm.K) and small thickness
(approx. 300 µm), the temperature is assumed to be uniform across the whole chip and hence ∆T
at state S1 is constant with respect to the three x, y and z axes, i.e.,

∆T ( x, y, z ) = ∆T .

(6)

Using the uniform temperature change ∆T, MT, NT and F are derived to be:
M T = Eα

h/2

∫ ∆T ( x, y, z ) zdz = Eα

−h / 2

N T = Eα

h/2

∫ ∆T ( x, y, z )dz = Eα

−h / 2

h/2

∫ ∆Tzdz = 0

(7)

−h / 2

h/2

∫ ∆Tdz = E ⋅ α ⋅ ∆T ⋅ h.

(8)

−h / 2

At any given system state S1 (that comes after the initial system state S0), NT = E·α·∆T·h implies
that ∇ 2 N T = 0 , hence we can write
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∇ 4 F = −∇ 2 N T = 0 . Here ( ∇ 2 =

∂2
∂2
+
)
∂x 2 ∂y 2

(9)

Since there is no deflection (w = 0) at the boundary of the chip (r = a) for all considered models
(clamped and supported edge), given ∇ 4 F = 0 , an appropriate solution for stress function F is4:

F =0

(10)

The internal forces Nx , Ny , Nxy are given by5:
Nx =

∂2F
∂y 2

N xy =

∂2F
∂x∂y

Ny =

∂2F
∂x 2

(11)

Given F = 0, the forces Nx , Ny , Nxy are also zero. Substituting the values of MT, Nx, Ny , Nxy
terms in the governing differential equation (1) the following equation is obtained:

∇4w =

P ( x, y )
D

(12)

The above equation shows that when the increase in temperature is uniform across the chip as the
chip and chip holder are one material, the important conclusion is that the SiC chip/plate
deflection is independent of the temperature.
Equation (12) can be re-written in polar co-ordinates making use of the circular symmetry of the
chip and its deflection. The Laplacian operator operating on the deflection function w can be
written in polar co-ordinates as:

∇2w =

1 ∂ ⎛ ∂w ⎞ 1 ∂ 2 w
⎜r
⎟+
r ∂r ⎝ ∂r ⎠ r 2 ∂θ 2

(13)

Taking into consideration the circular symmetry of the problem, the Laplacian can be re-written
as:
∇2w =

1 ∂ ⎛ ∂w ⎞
⎜r
⎟
r ∂r ⎝ ∂r ⎠
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(14)

Hence,

(

)

∇4w = ∇2 ∇2w =

1 ∂ ⎧ ∂ ⎡ 1 ∂ ⎛ ∂w ⎞⎤ ⎫
⎟ ⎬
⎜r
⎨r
r ∂r ⎩ ∂r ⎢⎣ r ∂r ⎝ ∂r ⎠⎥⎦ ⎭

(15)

The above equations can be used to re-write equation (12) as
1 d ⎧⎪ d ⎡ 1 d ⎛ dw ⎞⎤ ⎫ P (r )
⎟ ⎬=
⎜r
⎨r
r dr ⎪⎩ dr ⎢⎣ r dr ⎝ dr ⎠⎥⎦ ⎭
D

(16)

7.3 SiC Plate Stress Analysis For Any Pressure and Temperature

The radial and tangential moments for the SiC plate-package system are given as6:

⎛ d 2 w υ dw ⎞ M T
⎟⎟ −
M r = − D⎜⎜ 2 +
,
r
dr
−
υ
1
dr
⎠
⎝

(17.a)

⎛ 1 dw
d 2w ⎞ M
M t = − D⎜⎜
+ υ 2 ⎟⎟ − T .
dr ⎠ 1 − υ
⎝ r dr

(17.b)

Since MT is zero from equation (7), the radial and tangential moments for the SiC plate-package
system are rewritten as:

⎛ d 2 w υ dw ⎞
⎟,
M r = − D⎜⎜ 2 +
r dr ⎟⎠
⎝ dr

(18.a)

⎛ 1 dw
d 2w ⎞
M t = − D⎜⎜
+ υ 2 ⎟⎟ .
dr ⎠
⎝ r dr

(18.b)

The above equation shows that when the increase in temperature is uniform across the chip as the
chip and chip holder are one material, the SiC chip/plate has no temperature dependent stress.
Under the given conditions, the radial and tangential stresses for the SiC plate are related to the
corresponding radial and tangential moments as7:
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σr =

6M r
,
h2

σt =

6M t
h2

(19)

7.4 SiC Plate Deflection And Stress Analysis For Any Pressure And All Temperatures

Consider the system shifting from its initial state S0 to a new state S1 such that the temperature of
the SiC chip increases from room temperature to a new higher temperature. As was explained
before, the increase in temperature however is uniform across the whole of SiC chip and the SiC
packaging due to the excellent thermal conductivity of chip and packaging SiC materials. As a
result, both the SiC plate/chip deflection and stress are independent of temperature. However,
when a uniformly distributed pressure P(r) = P is applied over the surface of the circular plate at
any temperature T, the governing differential equation is given as:
1 d ⎧⎪ d ⎡ 1 d ⎛ dw ⎞⎤ ⎫ P
⎟ ⎬= .
⎜r
⎨r
r dr ⎪⎩ dr ⎢⎣ r dr ⎝ dr ⎠⎥⎦ ⎭ D

(20)

Repetitive rearrangement of terms and integration gives the following equation8
Pr 4
w(r ) = C1 ln r + C2 r ln r + C3r + C4 +
64 D
2

2

(21)

In Equation (21), at the center of the chip (r = 0), the deflection w(r = 0) would become infinity
due to the logarithmic terms, therefore for mathematical correctness C1 and C2 are taken to be
zero ( C1 = C2 = 0 ), and deflection function w(r) is given as:
w(r ) = C3 r 2 + C4 +
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Pr 4
64 D

(22)

In order to calculate the radial and tangential moments from Equations (18.a) and (18.b) the first
and second derivative of deflection function w(r) are evaluated as:
∂w
Pr 3
= 2C 3 r +
∂r
16 D

(23.a)

∂2w
3 Pr 2
= 2C 3 +
16 D
∂r 2

(23.b)

Using the Equations (22), (23.a) and (23.b) the pressure dependent radial and tangential moments
in Equations (18.a) and (18.b) can be written as:

⎞
⎛
Pr 2
⎜
M r = − D⎜ 2C3 (1 + υ ) +
(3 + υ ) ⎟⎟
16 D
⎠
⎝

(24.a)

⎞
⎛
Pr 2
⎜
M t = − D⎜ 2C3 (1 + υ ) +
(1 + 3υ ) ⎟⎟
16 D
⎠
⎝

(24.b)

So using Equations (19), (24.a) and (24.b) the radial and tangential stresses are calculated as:

σr = −

⎞
6D ⎛
Pr 2
⎟⎟
⎜
υ
υ
C
2
(
1
)
+
+
(
3
+
)
3
16 D
h 2 ⎜⎝
⎠

(25.a)

σt = −

⎞
6D ⎛
Pr 2
⎟⎟
⎜
υ
υ
C
2
(
1
)
+
+
(
1
+
3
)
3
16 D
h 2 ⎜⎝
⎠

(25.b)

7.5 Plate/Chip With Clamped Edges – Small Deflection Regime

Under uniformly distributed applied pressure P(r) = P, a circular sensor chip with clamped edges
exhibits deflection and moments according to Equation (22) and Equation (23). The constants in
these equations are evaluated by using the boundary conditions for the clamped edge model. The
conditions are given as9,10:
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dw
= 0 r =a
dr

w = 0 r =a ,

(26)

Using the boundary conditions in Equations (22) and (23.a), we get
w(r = a) = C 3 a 2 + C 4 +

Pa 4
=0
64 D

∂w
Pa 3
(r = a) = 2C 3 a +
=0
∂r
16 D

(27)

(28)

After solving the simultaneous equations (27) and (28) the constants C3 and C4 are evaluated to
be:
C3 = −

Pa 2
32 D

C4 =

Pa 4
64 D

(29)

Using the evaluated constants in Equation (29), for a Circular Plate with Clamped Edges, one
can give the solutions for deflection, Radial moments and Tangential moments, respectively
as9,10:
w(r ) =

Mr =
Mt =

(

)

2
P
a2 − r2 ,
64 D

[

(30.a)

]

(30.b)

]

(30.c)

P
(1 + υ )a 2 − (3 + υ )r 2 ,
16

[

P
(1 + υ )a 2 − (1 + 3υ )r 2 .
16

The maximum deflection is at the center of the chip (r = 0) and is given by9,10:
wmax =

P 4
a
64 D

(31)

Using Equation (30.b), (30.c) and (19), the maximum stress caused by pressure is found to be at
the boundary of the chip (r = a) given by the equation9:
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σ max = (σ r )max =

3 Pa 2
.
4h 2

(32)

7.6 Plate/Chip With Clamped Edges – Small Deflection Regime

A circular sensor chip with supported edges under the same conditions of uniformly distributed
applied pressure P(r) = P, exhibits deflection and moments according to equation (22) and
equation (24). The constants are evaluated again by using the boundary conditions for the
supported edge model. The conditions are given as11,12:

w = 0 r =a ,

M r = 0 r =a

(33)

Using the above boundary conditions in Equations (22) and (24.a), we get
Pa 4
w(r = a) = C 3 a + C 4 +
=0
64 D

(34)

⎞
⎛
Pr 2
⎜
(3 + υ ) ⎟⎟ = 0
M r = − D⎜ 2C3 (1 + υ ) +
16 D
⎠
⎝

(35)

2

After solving the simultaneous equations (34) and (35) the constants C3 and C4 are evaluated to
be:
C3 = −

Pa 2 ⎛ 3 + υ ⎞
⎜
⎟
32 D ⎝ 1 + υ ⎠

C4 =

Pa 4 ⎛ 5 + υ ⎞
⎜
⎟
64 D ⎝ 1 + υ ⎠

(36)

Using the evaluated constants, the solutions for deflection, Radial moments and Tangential
moments for a Circular Plate with Supported Edges are given as11,12:

w(r ) =

P(a 2 − r 2 ) ⎡ 5 + υ 2
⎤
a − r2⎥ ,
⎢
64 D ⎣ 1 + υ
⎦

104

(37.a)

Mr =
Mt =

P
(3 + υ )(a 2 − r 2 ) ,
16

[

(37.b)

]

P
(3 + υ )a 2 − (1 + 3υ )r 2 .
16

(37.c)

The maximum deflection is at the center of the chip (r = 0) and is given by11,12:
wmax =

Pa 4 ⎛ 5 + υ ⎞
⎜
⎟.
64 D ⎝ 1 + υ ⎠

(38)

Using Equation (37.b), (37.c) and (19), the maximum stress caused by pressure is at the center of
the chip (r = 0) given by the equation11:

σ max = (σ r )max = (σ t )max =

3Pa 2
(3 + υ ) .
8h 2

(39)

7.7 Modeling Results For 6H-SiC Chip

Consider a 6H-SiC chip with thickness ‘h’ of 280 µm, radius ‘a’ of 2.5 mm, Poisson’s ratio ‘ν’ of
0.16 and Young’s Modulus ‘E’ of 415 GPa [38-39]. Fig. 2 shows the expected deflection and
Fig. 3 shows the expected stress produced for this 6H-SiC chip with the increasing differential
pressure inside the turbine chamber. Using a 1 GPa yield stress [13] (approx.) for the 6H SiC
chip, the chip and hence the sensor is expected to work safely up to a pressure of 100
atmospheres (atm). The maximum deflection of a 5 mm diameter pressure boundary SiC chip of
thickness 280 µm is expected to be well within the small deflection range, [i.e. < Thickness/2=
140 µm], at 100 atmospheres. The maximum stress value is expected to be in a range whose
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limits are defined by the stress values given by the mentioned two cases. Same discussion holds
true for the maximum deflection of the SiC chip.

106

7.8 References

1.

Bruno. A. Boley and Jerome. H. Weiner, Theory of Thermal Stresses, Chap 13, Equation
13.7.1, page 432, Wiley, New York (1966).

2.

Bruno. A. Boley and Jerome. H. Weiner, Theory of Thermal Stresses, Chap 12, Equation
12.2.6b, page 381, Wiley, New York (1966).

3.

Bruno. A. Boley and Jerome. H. Weiner, Theory of Thermal Stresses, Chap 12, Equation
12.2.11, page 382, Wiley, New York (1966).

4.

Bruno. A. Boley and Jerome. H. Weiner, Theory of Thermal Stresses, Chap 12,
Equations 12.5.1 and 12.5.2, page 400, Wiley, New York (1966).

5.

Bruno. A. Boley and Jerome. H. Weiner, Theory of Thermal Stresses, Chap 12, Equation
12.2.9, page 382, Wiley, New York (1966).

6.

Bruno. A. Boley and Jerome. H. Weiner, Theory of Thermal Stresses, Chap 12, Equation
12.3.10, page 387, Wiley, New York (1966).

7.

Stephen. P. Timoshenko and S. Woinowsky-Krieger, Theory of Plates and Shells, Chap.
2, Equation (44), page 42, McGraw-Hill, New York (1959).

8.

Eduard Ventsel and Theodor Krauthammer, Thin Plates and Shells, Chap 4, Equation
(4.22), page 99, Marcel Dekker, Inc. (2001).

9.

Stephen. P. Timoshenko and S. Woinowsky-Krieger, Theory of Plates and Shells, Chap.
3, pages 55-56, McGraw-Hill, New York (1959).

10.

Eduard Ventsel and Theodor Krauthammer, Thin Plates and Shells, Chap 4, pages 101102, Marcel Dekker, Inc. (2001).

107

11.

Stephen. P. Timoshenko and S. Woinowsky-Krieger, Theory of Plates and Shells, Chap.
3, pages 56-57, McGraw-Hill, New York (1959).

12.

Eduard Ventsel and Theodor Krauthammer, Thin Plates and Shells, Chap 4, pages 100101, Marcel Dekker, Inc. (2001).

13.

Sharpe W.N., Jadaan O., Beheim G.M., Quinn G.D., Nemeth, N.N., “Fracture Strength of
Silicon Carbide Microspecimens,” IEEE Journal of Micro-electromechanical Systems,
Vol. 14, No. 5, pp. 903 – 913, Oct. 2005.

108

7.9 Figures
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Figure 7.1: Silicon Carbide chip within a smart probe in an extreme Temperature and extreme

Pressure measurement gas turbine scenario. w = transverse deflection; r = distance from center of
chip; a = radius of chip; h = thickness of chip; P = differential pressure at S1; T = Temperature at
S1; S0 = Initial State of the System; S1 = State at which Pressure and Temperature are measured
using SiC.
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Figure 7.2: Plot shows maximum SiC chip deflection ‘wmax’(at the center of the chip) under

applied pressure for the Clamped Edge and Supported Edge boundary condition models. The
chip boundary diameter was taken to be 5 mm.
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Figure 7.3: The expected stress produced in 6H-SiC chip of 5mm diameter and 280 µm

thickness.
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CHAPTER 8: COMPACT TUNABLE MICROWAVE FILTERING
USING RETRO-REFLECTIVE ACOUSTO-OPTIC TUNABLE
FILTERING AND DELAY CONTROLS
8.1 Introduction

Photonics-based Radio Frequency (RF) systems can provide powerful signal processing
capabilities for systems requiring broad (e.g., tens of GHz and higher) RF bandwidths [1]. Key
applications require electronically programmable RF transversal filters that can be rapidly
programmed to adapt to the changing signal processing environment such as in electronic
warfare, radar, and multi-beam adaptive antenna systems for commercial and military
communications. Over the years, a number of optical techniques have been proposed to realize
programmable RF transversal filters [2-9]. These early fiber-based efforts focused on achieving
RF band tunability via the adjustment of the time delay values used to synthesize the filter.
Alternative efforts proposed the use of free-space interfaced Liquid Crystal (LC) Spatial Light
Modulators (SLMs) to implement simultaneous RF filter tap weight and time delay selection
[10-12]. Recently, this SLM-based RF filter theme was extended to include use of spectral
control and dispersive Chirped Fiber Bragg Grating (CFBG) optics to enable high tap count (e.g.,
1000) and high dynamic range (e.g., 70 dB RF) weighting controls via a Two Dimensional (2-D)
Digital Micro-mirror Device (DMDTM) SLM [13-15]. In addition, this spatially retro-reflective
RF filter architecture was proposed using other SLMs such as an Acousto-Optic Tunable Filter
(AOTF) [13]. Thus, this chapter provides the design and experimental demonstration of a
spatially retro-reflective RF filter architecture using the AOTF and CFBG in an optimized
compact single circulator-based design. Note that recently, the AOTF has been independently
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demonstrated for use in an RF transversal filter [16]. Unlike the proposed retro-reflective twopass optical design that also has positive and negative weight capability, the ref.16 design is a
one-pass transmissive design with a long dispersive fiber that together limits filter weight and
time delay dynamic ranges. In effect, the new double-pass nature RF filter design doubles the
time delay and weighting range. In addition, it improves the time delay resolution via the finer
diffracted spectral lobes of the selected optical spectrum used for RF signal processing.
Nevertheless, the number of taps is limited by the drive complexity of the AOTF drive signal and
the AOTF spectral response. The rest of the chapter describes the demonstration of the proposed
retro-reflective RF filter.

8.2 Acousto-Optic Analog RF Transversal Filter

Fig. 8.1 shows the proposed design of the all-optical RF transversal filter that uses a bulk
AOTF device. A broadband light source signal is intensity modulated by an input RF signal
using a high-speed Mach-Zehnder interferometeric waveguide modulator (MZWM). The
modulated light passes through an optical circulator (C1) and a Polarization Controller (PC) that
produces horizontal or p-polarization light at the output of the fiber lens FL1. The collimated ppolarized light beam enters the AOTF at an angle θ with the AOTF surface normal to produce
Bragg diffraction for the C-band (e.g., 1530-1562 nm). With the AOTF driven by a RF drive
signal, an appropriate vertical or s-polarized Bragg diffracted beam is produced. This diffracted
light is coupled into a second fiber lens FL2 that has beam waist and beam divergence properties
similar to FL1. Specifically, the Gaussian light beam exiting from lens FL1 has a minimum beam
waist distance z0 where the AOTF is centered. FL2 is placed at a distance of z0 from AOTF to
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enable maximum coupling of the diffracted light into lens FL2 using the self-imaging effect [17].
The diffraction efficiency for the AOTF with respect to wavelength of the input light is a Sinc
squared function with side-lobes around the main central RF selected lobe. Besides rejecting the
undiffracted beam, FL2 also rejects the sidelobes of the selected diffracted beam, thus forming a
highly desirable spatial filter to reduce optical spatial and spectral noise that can negatively affect
the RF filter performance. The coupled s-polarized diffracted light is next fed to a CFBG that has
a linearly varying grating period along its physical length that causes different wavelengths to be
reflected from different locations leading to differential time delays between the AOTF chosen
wavelengths. After reflections from the CFBG, these chosen wavelengths trace their paths
backwards through FL2 and the AOTF to undergo a second Bragg diffraction with the doublediffracted p-polarized light coupled into FL1. A single frequency RF drive signal fed to the
AOTF gives a Sinc-squared function about a central wavelength for single pass diffraction. With
multiple RF drive frequencies, multiple Sinc-squared functions are obtained along the optical
spectrum. As shown in recent works [18-19], double-pass AOTF Bragg diffraction results in
narrowing of the spectral functions, thus allowing a better approximation by unit impulse weight
taps for RF filter design. In addition, by varying the strength of the AOTF RF drive signals, the
strengths of these impulses or the filter tap coefficients can be varied with a near double dynamic
range due to the multiple diffraction operation. The wavelength difference between the
approximate impulses translates into time difference between filter taps through the CFBG
reflection-mode operation. Thus, selection of AOTF RF drive frequencies and their voltages
allows dynamic control over the time-delays and weights of the filter taps. More importantly,
because the AOTF is an all-analog device, high resolution time delay and tap weight control can
be realized to form precision filters.
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Recall that for generalized filter design, the weighting factors can be both positive and negative
for any given signal tap. Because intensity-based optics cannot represent negative numbers, the
proposed filter design can use a unique optical design with a 1:2 Wavelength Division
Multiplexed (WDM) Interleaver (I) device that spatially splits the spectrum into odd and even
wavelengths [13]. By using even wavelengths for positive tap coefficients and odd wavelengths
for negative tap coefficients, generalized RF filter designs can be realized [14].
Because the odd and even wavelengths always have a fixed time delay of τd between them, a
fixed fiber delay of τd is added to the even wavelength channels before entering the photodetector
PD1. The odd wavelengths are sent directly for detection to PD2. Hence, PD1 and PD2 operate
with no relative RF delay. τd is determined by the wavelength resolution of the deployed
interleaver I. The PD1 and PD2 RF signals are subtracted electronically by the RF Differential
Amplifier (DA) to produce the desired filtered RF output.

8.3 Acousto-Optic RF Transversal Filter Theory

In the proposed filter, the time delays between the taps and the weights of the taps are
simultaneously controlled via the AOTF device’s drive signal. If ∆λr is the defined (e.g., 3 dB)
wavelength resolution of the AOTF device, the minimum time delay provided via the retroreflective CFBG, i.e., between any two consecutive wavelengths can be given by:

τ min = ∆λr Dcg .

(1)

Here Dcg is the CFBG dispersion constant given by:
Dcg =

2Lg

∆λchirp c
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neff ,

(2)

where ∆λchirp is the designed CFBG optical bandwidth, Lg is the length of the CFBG, c is the
speed of light in vacuum, and neff is the effective refractive index inside the CFBG. Thus the
smallest sampling step for RF filtering is given by τmin, and in-turn sets the maximum frequency

fmax of the proposed RF transversal filter. Using the Nyquist criteria implies that this maximum
RF frequency fmax that can be processed by the proposed filter is given by:
1

f max =

2τ min

.

(3)

On the other hand, the maximum possible time delay or sampling step generated is dependant on
∆λchirp of the CFBG and the number N of taps chosen for the RF filter with N ≤

∆λchirp
∆λ r

. For a N-

tap filter, the maximum time delay τmax,N and corresponding minimum frequency fmin,N are given
by:

∆λchirp Dcg

τ max,N =
and

N −1

f min, N =

1
2τ max, N

,

.

(4.a)

(4.b)

The proposed filter implemented in Fig. 8.1 is called a Finite impulse Response (FIR)
filter because the time delays and weights selected via the AOTF device can be approximated by
discrete Delta functions. The generalized transversal filter can be expressed as:
N −1

r (t ) = ∑ A n s (t − nτ ) ,

(5)

n =0

where r(t) is the output filtered signal and s(t) is the input signal. Setting the input signal s(t) to

δ(t)gives the impulse response h(t) of the filter as:
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N −1

h(t ) = ∑ Anδ (t − nτ ) .

(6)

n =0

The frequency response of the filter can be found by taking the Fourier transform (defined by the
operator ℑ ) of the Eqn. 6 impulse response to give:

⎧ N −1
⎫
H ( f ) = ℑ⎨∑ Anδ (t − nτ )⎬ .
⎩ n =0
⎭

(7)

FIR filters are implemented using several window functions that improve filter characteristics.
Some commonly used windows are Rectangular, Hamming, Triangular, Bartlett, Blackman,
Keiser, and Reimann [20].
Consider a generalized rectangular window N-tap filter, i.e., An=A. For such a filter, the
frequency response is given by:

H( f ) =

2 A × sin( Nπfτ )
,
N sin(πfτ )

(8)

with a maximum filter gain at f=1/τ. Considering the specific case of a two tap filter with
rectangular window selection, i.e., N=2, An=A, the output from Eqn. 6 is given by:
1

r (t ) = ∑ A s (t − nτ ) = A[ s (t ) + s (t − τ )]

(5.9)

n =0

By setting N=2 in Eqn. 8 or by setting the input s(t) = δ(t) in Eqn. 9 and taking the Fourier
transform leads to the frequency response of the filter to be:

H ( f ) = 2 A cos(πfτ ).

(10)

Eqn. 10 therefore provides the theoretical filter frequency response of an equal-weight 2-tap
filter with a notch frequency fnull = (2k+1)f0, where f0=1/2τ and k=0,1,2,..., K, where K
corresponds to the maximum frequency limit imposed by the Nyquist criterion. The taps of the
filter are considered to be ideal Delta/Unit Impulse functions. In the proposed practical Fig. 8.1
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filter, tall and thin Sinc-Quadrupled (raised to the fourth power) like functions produced by
double-pass AOTF Bragg diffraction and fiber-optic spatial filtering produce the approximated
Delta functions [19]. These thin sampling functions in the time domain transform to broad
functions in the frequency domain and hence essentially do not affect the behavior of the filter in
the frequency range of interest.

8.4 Experimental Results

Using a collinear Tellurium Dioxide (TeO2) AOTF from Crystal-Tech/Nuonics with a 15201640 nm operation band, first a two-tap notch filter is implemented in the laboratory using the
basic Fig. 8.1 design. Since a two-tap notch filter design only requires positive weights, a single
photo-detector without the interleaver and DA is deployed. The AOTF is set for an incident
Bragg angle of 1.5° and driven by a 47.4 MHz RF signal with a 45 mW power corresponding to
a 50% diffraction efficiency for a 1544 nm test wavelength. For implementation of the RF notch
filter, experiments are conducted using an Erbium Doped Fiber Amplifier (EDFA) Broadband
Optical Source (BOS). At the 1544 nm test wavelength, the experimental circulator C has losses
of 0.5 dB and 0.6 dB for port 1-to-2 and port 2-to-3, respectively. The PC has a loss of 0.1 dB.
The fiber lenses FL1 and FL2 have losses of 0.15 dB each. The minimum beam waist distance z0
for FL1 and FL2 is 6 cm. Optical losses are 0.17 dB, 0.1 dB, and 0.1 dB for the CFBG, polarizers,
and self-imaging free-space FL1- FL2 coupling, respectively. In effect, with AOTF operating at
50% diffraction efficiency or 3 dB loss per wavelength for the 2 taps, the total fiber-in to fiberout (pt. A to pt. B – see Fig. 8.1) RF filter optical loss is 8.47 dB. The deployed CFBG has a Dcg
= 35.2 ps/nm. The deployed output RF amplifier restricts the output RF spectrum between 2 to 8
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GHz. Thus, the broadband optical signal from the EDFA is intensity modulated using a MachZehnder Waveguide Modulator (MZWM) driven by a 2 - 8 GHz broadband RF signal from a HP
network analyzer.
For a two-tap notch filter operation, the AOTF is fed for example by two independent RF
signals at frequencies of 47.35 MHz and 47.2 MHz. For these RFs, Fig. 8.2(a) shows the optical
response of the Fig. 8.1 filter where the optical output from the system is directly connected to an
Optical Spectrum Analyzer (OSA). Fig. 8.2 also shows the normalized tap weights used for the
deployed RF notch filters. The spectral lobes seen in Fig. 8.2(a) are centered about 1546.5 nm
and 1551.1 nm wavelengths giving ∆λ between lobes of 4.6 nm. Note that these lobes have a
0.75 nm 3-dB spectral width. Similarly, the spectral lobes seen in Fig. 8.2(b) are centered about
1546.5 nm and 1551.1 nm wavelengths giving ∆λ between lobes of 4.6 nm. Here also the lobes
have a 0.75 nm 3-dB spectral width. Also note that a designed maximum 8 GHz RF modulation
corresponds to a small ± 0.06 nm central wavelength offset sidebands position that is well within
the 0.75nm 3-dB AOTF selection bandwidth. As mentioned earlier, the 3-dB optical spectral
width defines the minimum possible time delay between any two adjacent wavelengths. Given
∆λ = 0.75 nm and τmin = 26.4 ps, using Eqn. 3 gives the maximum notch frequency for the
designed RF filter fmax = 18.94 GHz. Using Eqn. 4.a and 4.b and CFBG ∆λchirp = 22.88 nm leads
to a maximum time delay τmax = 805.4 ps. Hence the minimum notch frequency fmin,2 = 621 MHz
for the N = 2 tap filter. The measured ∆λ =4.6 nm translates to a 161.92 ps time delay between
the filter weights using the relation τ = ∆λ.Dcg. Using Eqn. 4.b, the generated 161.92 ps interwavelength time delay τ leads to a notch frequency of 3.09 GHz as seen by the HP network
analyzer trace in Fig. 8.3.a. Similarly, Fig. 8.3.b shows the tunability of the implemented 2-tap
notch RF filter with the notch at 6.75 GHz controlled by wavelength selection shown in Fig.
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8.2.b. For comparison purposes, Fig. 8.3 (a, b) also shows the ideal theoretical filter responses
generated using Eqn. 10 for the two inter-tap delay cases. Results show a reasonably close match
between ideal theory and experimentally measured filter responses. As explained earlier, the
ideal Delta function theory is an approximation to the double-pass AOTF generated broader time
domain sampling function and hence leads to a moderate match between the ideal Delta function
theory and measured results.
For multi-tap notch filter operation, the AOTF is fed by four independent RF signals. Two
examples are implemented in order to demonstrate the various weight controls available for the
Fig. 8.1 filter design. The optical spectral lobes seen in Fig. 8.4(a) design are centered about
1539.86 nm, 1545.38 nm, 1550.99 and 1556.6 nm wavelengths, giving an average ∆λ between
lobes of 5.58 nm. The spectral lobes seen in Fig. 8.4(b) design are centered about 1540.25 nm,
1545.89 nm, 1551.38 nm and 1557.08 nm wavelengths, giving average ∆λ between lobes of 5.61
nm. Hence, the inter-weight time delay τ for the Fig. 8.4(a) and Fig. 8.4(b) designs are 196.4 ps
and 197.5 ps, respectively, giving a similar τ for both designs. Hence the average τ = 196.95 ps
and one should expect a filter maximum gain at f=1/τ ~ 5.1 GHz. Fig. 8.4 also shows all the
weights implemented for the taps. Fig. 8.5 (a, b) shows the theoretical filter response evaluated
using Eqn. 5.7 and the corresponding measured experimental RF filter response as measured by
the HP network analyzer. These experimental results are in agreement with the expected
theoretical results. The Fig. 8.5(a) and Fig. 8.5(b) 4-tap filter examples produce bandpass filters
with their main-lobes centered approximately at the expected design frequency of 5.1 GHz. Fig.
8.5(a) filter has a narrower main-lobe width compared to the Fig. 8.5(b) filter, but as
theoretically predicted also has stronger sidelobes. Finally, the filter reset time is ~ 34
microseconds, consistent with the deployed collinear AOTF device geometry, as also earlier
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demonstrated [18]. Further reduction in filter reset time to ~ 5 microseconds can be achieved
with a smaller acoustic-light interaction length AOTF device such as a non-collinear AOTF [19].

8.5 Conclusion

Demonstrated is a compact design RF transversal filter appropriate for fast reset time RF
filtering applications. The design exploits an optical retro-reflective architecture using a single
circulator, AOTF, and compact 1 cm long CFBG. The all-analog control mechanism inherent in
the AOTF forms the basis for high-resolution filter programming and tunability. Results using an
infrared band TeO2 AOTF successfully demonstrate a basic two-tap agile RF notch filter and 4tap tunable bandpass filter designs. Improved filter performance can be achieved using lower
noise optical and RF components. The proposed analog RF filter design can be combined with
the previous DMDTM-based digital design to form a hybrid analog-digital control RF transversal
filter with additional versatility and performance [19]. The next chapter describes the
implementation of such an advanced RF filter using dual-SLM technologies.
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Figure 8.1: Proposed retro-reflective design programmable broadband RF transversal filter using

compact CFBG fiber-optics and an AOTF.
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Figure 8.2: Optical spectrum of the implemented two-tap RF notch filters showing the

approximate equal strengths of the filter weights, their 0.75 nm 3-dB widths, and inter-tap
wavelength spacings ∆λ of (a) 4.6 nm and (b) 2.1 nm to produce RF notches at (a) 3.1 GHz and
(b) 6.75 GHz.
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filter with the null frequency set at (a) 3.09 GHz and (b) 6.75 GHz.
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CHAPTER 9: TUNABLE MICROWAVE FILTERING WITH HYBRID
ANALOG-DIGITAL CONTROLS USING ACOUSTO-OPTIC
TUNABLE AND DIGITAL MEMS DEVICES
A programmable broadband Radio Frequency (RF) filter is designed using a
Digital Micromirror Device (DMDTM), an Acousto-Optic Tunable Filter (AOTF) and a Chirped
Fiber Bragg Grating (CFBG). This hybrid analog-digital SLM design enables implementation of
RF filters with higher number of taps in comparison with analog-AOTF only design and
improved tunability in frequency domain in comparison to digital- DMDTM only design.
Theoretical analysis and simulation of 3-tap filter design show the frequency tunability
improvement. The 3-tap filter design is shown to form the basis of higher filter-tap designs.
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9.1 Introduction

Over the years, Radio Frequency (RF) Photonic techniques and designs have been used to
provide solutions for signal processing systems operating over broad (e.g., tens of GHz and
higher) RF bandwidths [1,2]. Applications like antenna beam forming, radars, commercial
communications systems (such as broadband wireless access networks [3]) require electronically
programmable RF transversal filters whose parameters can be rapidly readjusted according to the
need of the application. A number of optical techniques have been proposed to date to realize
programmable RF transversal filters. Initially, the filters designs composed of optical
components that provided RF band tunability by variation of the time delay value between filter
weights/taps. Later other solutions were presented where besides variation of the filter inter-tap
time delay, the strength of the taps could also be changed [4-9]. A group of such solutions
proposed the use of free-space interfaced Spatial Light Modulators (SLMs) devices to implement
simultaneous RF filter tap weight and time delay selection [10-11]. Recently, SLM-based
techniques were used for spectral control in conjunction with use of dispersive Chirped Fiber
Bragg Grating (CFBG) optics to implement photonic RF tunable filter. Specifically, two designs
were implemented using Texas Instruments’ (TI) Digital Micromirror Device (DMDTM) and an
Acousto-Optic Tunable Filter (AOTF) as a digital and an analog SLM, respectively [12-15]. The
DMDTM and the AOTF based RF filter designs were demonstrated to have diverse capabilities.
The most significant characteristic of the DMDTM based RF filter design was its ability to
implement large number of filter taps. Having large number of filter taps allows one to
implement RF filters with better pass-band and stop-band characteristics. The analog AOTF
based RF tunable filter design, on the other hand, provided continuous control of both the inter131

tap time delay which in turn allows complete tunability in the filter frequency domain. It also
provides continuous control of the filter tap strengths. The digital design lacked continuous
control and has resolution limitations in selection of filter time-delays and tap strengths. The
analog design could implement limited number of filter taps due of drive complexity of the
AOTF device. One solution to overcome the above mentioned limitations is to employ a design
that couples the beneficial aspects of the digital and analog SLM based RF filter designs to form
a Hybrid Analog-Digital SLM RF tunable filter. The rest of the chapter describes the hybrid
design, its filter theory and simulation results.

9.2 Hybrid Analog-Digital SLM RF Transversal Filter

Fig. 9.1 shows the proposed design of the all-optical RF transversal filter that uses a
DMDTM and a bulk AOTF device as SLMs. A broadband light source signal passes through an
optical circulator (C1) and a Polarization Controller (PC) that produces horizontal or ppolarization light at the output of the fiber lens FL. The collimated p-polarized light beam enters
the AOTF at an angle θB with the AOTF surface normal to produce Bragg diffraction for the Cband (e.g., 1530-1562 nm). The Gaussian light beam exiting from lens FL has a minimum beam
waist distance z0 where the AOTF is centered. With the AOTF driven by a RF drive signal, an
appropriate vertical or s-polarized Bragg diffracted beam is produced along with a horizontal or
p-polarized un-diffracted beam. A spherical lens S of focal length fS is placed at a distance fS
from the AOTF center on its exit side such that it captures the diffracted and the un-diffracted
beams. The beams after passing through the spherical lens S run parallel to each other and the
lens optical axis and form minimum beam waists at the back focal length of lens S. At the back
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focal length of S, the diffracted beam gets retro-reflected by a mirror. It then passes through the
AOTF again undergoing Bragg diffraction and the double-pass diffracted beam gets coupled
back into fiber lens FL. Spectral selection and control is achieved by feeding the AOTF device
with RF drive signals of different frequencies and amplitudes. On the other hand, the undiffracted beam passes through a volume Bragg grating at the back focal length of S. The grating
spatially disperses the broadband optical signal and the dispersed optical spectrum is captured by
a cylindrical lens C (focal length fC) and projected onto the DMDTM for spectral control. The
micromirrors of the DMDTM are used to select specific parts of the optical spectrum and adjust
their relative strength or weights. The selected and weighted spectral portions are retro-reflected
by the DMDTM micromirrors and they trace their path backwards all the way to the fiber lens FL.
The rest of the optical spectrum projected on the DMDTM is reflected away. Thus fiber lens FL
captures optical signals from both legs of the spectral control design, i.e. the AOTF analog leg
and the digital DMDTM leg. The double-pass AOTF diffraction acts as the analog spectral control
mechanism whereas the DMDTM selection and weighting acts as the digital spectral control
mechanism. The reflected composite optical signal from the two control mechanisms after
passing through circulator C1 passes through a high-speed Mach Zehnder interferometric
waveguide modulator. The broadband optical signal is intensity modulated by an input RF signal
that has to undergo the required filtering operation. The modulated signal then passes through a
chirped Fiber Bragg Grating (CFBG) which causes different wavelengths within the optical
signal to reflect from different physical locations within its length. Thus, the different
wavelengths components of the modulated optical signal acquire relative time delays. The
optical signal then passes through circulator C2 and reaches the photo-detector PD which
provides the filtered output RF signal.
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The wavelength difference between the selected spectral portions translates into time
difference between filter taps through the CFBG reflection-mode operation. Thus, spectral
selective mechanisms such as the selection of AOTF RF drive frequencies and orientation of
digital DMDTM micromirror columns allows dynamic control over the time-delays of the filter
taps. The analog AOTF based RF filter tap coefficients or weights are controlled by varying the
strength of the corresponding taps’ AOTF RF drive signals whereas the digital DMDTM based RF
filter tap coefficients are controlled through the orientation of the DMDTM micromirrors lying
within the micromirror columns for the respective taps. With the combined hybrid analog-digital
control mechanism, RF filters can be realized that have the desired characteristics of digital-only
and analog-only designs and overcome their limitations.

9.3 Hybrid Analog-Digital SLM RF Transversal Filter Theory

In the proposed filter, the time delays between the taps and the weights of the taps are
simultaneously controlled via the SLMs, the DMDTM and the AOTF devices. Based on previous
experimental demonstrations [13, 15] the DMDTM leads to a worse ∆λr , the defined (e.g., 3 dB)
wavelength resolution. However this resolution can be improved upon by changing the gratingcylindrical lens dispersive system in the digital control leg of the SLM design. For the AOTF
device ∆λr has been demonstrated to be 0.75 nm [Chap. 8, 15]. Thus, the minimum time delay
provided via the retro-reflective CFBG, i.e., between any two consecutive wavelengths is
dependent on ∆λr and can be given by:

τ min = ∆λr Dcg .
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(1)

Here Dcg is the CFBG dispersion constant given by:

Dcg =

2Lg

∆λchirp c

neff ,

(2)

where ∆λchirp is the designed CFBG optical bandwidth, Lg is the length of the CFBG, c is the
speed of light in vacuum, and neff is the effective refractive index inside the CFBG. As explained
earlier in Chapter 7, the smallest sampling step for RF filtering is given by τmin which in-turn sets
the maximum frequency fmax of the proposed RF transversal filter. Using the Nyquist criteria
implies that this maximum RF frequency fmax that can be processed by the proposed filter is
given by:

f max =

1
2τ min

.

(3)

On the other hand, the maximum possible time delay or sampling step generated is dependant on
∆λchirp of the CFBG and the number N of taps chosen for the RF filter with N ≤

∆λchirp
∆λ r

. For a N-

tap filter, the maximum time delay τmax,N and corresponding minimum frequency fmin,N are given
by:

τ max,N =
and

f min, N =

∆λchirp Dcg
N −1
1
2τ max, N

.

,

(4.a)

(4.b)

The proposed filter implemented in Fig. 9.1 is a Finite impulse Response (FIR) filter
because the time delays and weights selected via the DMDTM and the AOTF device can be
approximated by discrete Delta functions.
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The generalized FIR transversal filter can be expressed as:
N −1

r (t ) = ∑ An s (t − nτ ) ,

(5)

n =0

where r(t) is the output filtered signal and s(t) is the input signal. The impulse response of the
filter h(t) can be obtained by setting the input signal s(t) to δ(t) and is given as:
N −1

h(t ) = ∑ Anδ (t − nτ ) .

(6)

n =0

The above filter is a discrete-time filter with N number of taps, weights or tap strength of An and
a time delay of τ. When this filter is implemented using the DMDTM, the time delay τ = τd can
only be varied by discrete steps of τd and not continuously. Hence, the smallest possible discrete
step ∆τd is limited by DMDTM pixel size, i.e., the size of a single micromirror. If the optical
signal falling over a single pixel has a spectral range of ∆λd, then the smallest possible discrete
step ∆τd is given as:

∆τ d = ∆λd Dcg

(7)

Because of this limitation, within the frequency or Fourier domain response, the tuning of the
null frequency/frequencies of the filter is also not continuous. With the DMDTM a filter with high
number of taps can be implemented. The analog AOTF device on the other hand can be used to
implement the filter with continuous variation of time delay of τ. However, due to its drive
complexity, the AOTF cannot implement a large number of filter taps. The proposed hybrid
analog-digital design overcomes the limitations of the digital and analog filter designs by
utilizing both the DMDTM and the AOTF. Consider two examples of an equal strength 3-tap filter
implemented by the DMDTM:
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h1 (t ) = δ (t ) + δ (t − τ d ) + δ (t − 2τ d ) .

(8.a)

h2 (t ) = δ (t ) + δ [t − (τ + ∆τ d )] + δ [t − 2(τ + ∆τ d )] .

(8.b)

The null frequencies of the 3-tap notch filters obtained through the above equations depend on
the time delay of the filters and are given as

f null = (2k + 1) f 0 ,
where

f 0,1 =

1
1
and f 0, 2 =
3τ d
3(τ d + ∆τ d )

(9.a)
(9.b)

In order to obtain a null frequency between the above mentioned null frequencies, the inter-tap
time delay τ has to be varied by a value smaller than ∆τd. This goal can be achieved by using the
analog spectral control mechanism of the AOTF along with the DMDTM. The combined design –
analog digital hybrid SLM RF filter, can implement large number of taps, a characteristic
inherited from the DMDTM based filter design. The design also implements filters with better
tunability or increased null frequency tuning resolution because of the AOTF device.
Since, the smallest shift in optical spectrum that can be taken by DMDTM based filter
digital taps is equal to ∆λd, the digital taps can only be located at wavelengths that are multiples
of ∆λd. For an all-digital 3-tap filter, the inter-tap wavelength delay can be ∆λ or ∆λ+∆λd but no
value in between. The best possible way to select a smaller wavelength shift for a null frequency
3-tap filter is by shifting the third digital tap by ∆λd and replacing the second digital tap by an
AOTF based analog tap such that it splits ∆λd into two equal parts. This shifts the inter-tap
wavelength delay to (∆λ+∆λd/2) which in turn shifts the inter-tap time delay by a factor two
smaller than ∆λd. Thus, the resolution of the filter’s tunable null frequency improves by a factor
of 2. The impulse response of the hybrid analog-digital 3-tap filter can then be written as:
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∆τ ⎤
⎡
h(t ) = δ (t ) + δ [t − (τ d + ∆τ a )] + δ ⎢t − 2(τ + d )⎥ .
2 ⎦
⎣

(10)

Here, ∆τa is the time delay increment shorter than the DMDTM limited ∆τd. According to earlier
discussion ∆λa = ∆λd/2 and ∆τa = ∆τd/2. Using this value of ∆τa = ∆τd/2 in Eq. 9 the impulse
response of the hybrid filter can be written as:

∆τ ⎤
∆τ ⎤
⎡
⎡
h(t ) = δ (t ) + δ ⎢t − (τ d + d )⎥ + δ ⎢t − 2(τ + d )⎥ .
2 ⎦
2 ⎦
⎣
⎣

(11)

The frequency response of the filter can be found by taking the Fourier transform (defined by
the operator ℑ ) of Eq. 10 impulse response:

⎧
∆τ ⎤
∆τ ⎤ ⎫
⎡
⎡
H ( f ) = ℑ⎨δ (t ) + δ ⎢t − (τ d + d )⎥ + δ ⎢t − 2(τ + d )⎥ ⎬ ,
2 ⎦
2 ⎦⎭
⎣
⎣
⎩
H( f ) = 1+ e

H( f ) = e

− jτ d

− j 2πf (τ d +

.e

−j

∆τ d
2

∆τ d
)
2

+ e − j 2πf ( 2τ d + ∆τ d ) .

⎧
∆τ d ⎤ ⎫
⎡
)⎥ ⎬ .
⎨1 + 2Cos ⎢2πf (τ d +
2
⎣
⎦⎭
⎩

(12.a)

(12.b)

(12.c)

9.4 Simulation Results

Consider the equal strength 3-tap example discussed above in section 9.3. By setting the
DMDTM pixel limited wavelength delay ∆λd to be 0.1 nm (using approximate values and results
from Ref. 13), ∆τd is set to be 3.52 psec (∆τd = ∆λd.Dcg). The inter-tap wavelength delay is set to
2.0 nm. The next possible all-digital inter-tap delay then becomes 2.1 nm. The hybrid analog-
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digital technique changes the inter-tap wavelength delay to 2.05 nm. The frequency domain
response of the above digital and analog 3-tap filters is shown in Fig. 9.2. The digital 3-tap
filters produce RF frequency notches at 4.732 GHz and 4.508 GHz whereas the hybrid analogdigital 3-tap filter produces a frequency notch at 4.62 GHz. Thus, by using the hybrid technique,
the frequency domain tuning resolution was improved (compared with the digital only case). In
Chapter 8, an all-analog 4-tap AOTF RF filter was demonstrated. If such four analog taps are
used in between 5 digital taps, a 9-tap hybrid analog-digital filter can be implemented. Such a
filter would have more number of taps compared to the all analog filter and better resolution
compared to the all digital filter. In another design, the same four taps can be used between two
digital taps to implement a 6-tap filter with five times better frequency tuning resolution.

9.5 Conclusion

A compact hybrid analog-digital SLM based RF transversal filter design is presented for
fast reconfigurable broadband RF filtering applications. The design employs an optical retroreflective architecture using a single circulator, a DMDTM, an AOTF, and a compact 1 cm long
CFBG. The hybrid analog-digital control mechanism partially inherits the merits of the analog
AOTF in the form of higher-resolution filter programming and tunability (in comparison to
digital only DMDTM based design) and merits of the digital DMDTM in the form of higher
number of taps (in comparison to analog only AOTF based design). Simulations show frequency
response of a basic hybrid three-tap agile RF notch filter tunable notch filter design with better
versatility performance.
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